Facile Fabrication of Mechanically Stable LSGM-Based Anodes for Use in Intermediate Temperature Solid Oxide Fuel Cells by Housel, Gabrielle Marie
  
Facile Fabrication of Mechanically Stable LSGM-Based Anodes for Use in 
Intermediate Temperature Solid Oxide Fuel Cells 
 
A Thesis 
Submitted to the Faculty 
of 
Drexel University 
by 
Gabrielle Marie Housel 
in partial fulfillment of the 
requirements for the degree 
of 
Master of Science in Materials Science and Engineering 
March 2017 
 
  
© Copyright 2016 
Gabrielle Housel. All Rights Reserved
  
 
  
Dedications 
This thesis is dedicated to my father, the late Theodore Housel, who pushed me to 
achieve all that I could so that I may become the best version of me. 
  
Acknowledgement 
I would like to express my gratitude to Marcia Henisz, who made navigating the 
complicated territory of living abroad that much easier, for her patience and 
understanding with all pursuant complications, and for helping to provide me with the 
opportunity to live in Europe. I would like to thank Dr. Jonathan Spanier, for his help 
in finishing my degree and guiding me along in my path. I would like to thank Dr. 
Yury Gogotsi, for being my advisor in my time at Drexel, and Dr. Steven May for his 
guidance in the graduate program. I would like to thank Dr. Giovanni Dotelli for 
taking me on as a student and helping me complete my degree at Politecnico di 
Milano. I would like to thank Dr. Renato Pelosato, for his guidance in my research 
and input on next steps. Most of all, I would like to thank Giulio Cordaro for all of his 
help with my research, for all of his patience with me, and for understanding some of 
the difficulties I faced while abroad.
vi 
Table of Contents 
List of Tables ………………………………..................……………………….… viii 
List of Figures ………………………………………..………………….……….… ix 
Abstract ……………………………………………...…………………………..… xii 
1. Introduction ……………………………………………………..……………….. 1 
1.1. Motivation for Producing Fuel Cells ……………………………………………. 1 
1.2. Basic Principles of Fuel Cell Operation ………………………………………… 3 
1.2.1. Electrolyte …………………………………………………………………….. 5 
1.2.2. Anode ………………………………………………………………………….. 7 
1.2.3. Cathode …………………………………………………………………..…… 9 
1.3. Materials: High Temperature SOFCs …………………………………...……... 10 
1.3.1. Common Electrolyte Materials …………………………………………….... 10 
1.3.2. Common Anode Materials ……………………………………………...……. 12 
1.3.3. Common Cathode Materials ……………………………………..………….. 13 
1.4. Materials: Intermediate and Low Temperature SOFCs …………………..…… 14 
1.4.1. Common Electrolyte Materials …………………………………………….... 15 
1.4.1.A. Zirconia-based materials …………………………………………….......... 15 
1.4.1.B. Ceria-based materials …………………………………………................... 16 
1.4.1.C. Strontium and Magnesium-doped Lanthanum Gallate materials ................. 17 
1.4.2. Common Anode Materials ……………………………………...……………. 19 
1.4.3. Common Cathode Materials …………………………………....…..……….. 21 
1.5. Fabrication Techniques …………………………………………....................... 23 
1.6. Thesis Concept ……………………………………………................................ 29 
2. Experimental Procedures and Techniques ………………………………….... 30 
2.1. Fabrication of LSGM Disks ……………………………………..…………….. 30 
2.1.1. Materials ……………………………………………..……………………… 30 
2.1.2. Tape Casting ………………………………………………………..……….. 31 
2.1.3. Sintering ……………………………………..………………………………. 31 
2.1.4. Infiltration and Calcination ……………………………………………..…... 33 
2.2. Characterization ………………………………………………………...……… 35 
vii 
2.2.1. SEM …………………………………………..……………………………… 35 
2.2.2. Rheology …………………………………...………………………………… 36 
2.2.3. Thermogravimetric Analysis …………………………………………..…….. 38 
3. Results and Discussion ………………………………………..………………... 39 
3.1. Development of Water-Based Slurry ……………………………………..…… 39 
3.2. Microstructural Analysis of Pore Former ……………………………...………. 42 
3.3. Viscosity Measurements Based on Temperature ……………………..……….. 53 
3.4. Viscosity Measurements Based on Solid Loading …………………..………… 55 
3.5. Thermal Analysis of LSGM with Graphite as Pore Former ………………..…. 57 
3.6. Infiltration of Samples …………………………………………………...…….. 66 
3.7. Final Denitrified Samples …………………………………………...…………. 72 
4. Conclusion ………………………………………………………...…………….. 75 
5. Future Work …………………………………………………...……………….. 77 
List of References ……………………………………………...………………….. 78 
viii 
List of Tables 
Table 1. Fuel cell types with normal operating temperatures, power generated, and 
applications, existing or potential [4] ............................................................................2 
Table 2. Composition of Triton X-100-containing slurry preparations ......................40 
Table 3. Composition of poly(acrylic) acid-containing slurry ....................................41 
Table 4. Compositions of slurries containing corn starch and activated carbon as pore 
formers. All mass percentages were adjusted based on material density to achieve a 
volume percent loading between 30 and 35% .............................................................43 
Table 5. Composition of slurries containing graphite as pore former. All mass 
percentages were adjusted based on material density to achieve a volume percent 
loading between 30 and 35% .......................................................................................43 
Table 6. Table showing viscosity values and percent difference of slurry and liquid 
water. Slurry viscosity values were chosen at the shear rate corresponding to 
experimental tape casting (4 cm/s with blade height of 200 microns). Liquid water 
values were obtained from reference [68] ...................................................................54 
Table 7. Composition of dried green LSGM slurry. The final column is included to 
better represent the mass percent change when residual water is present from the dried 
slurry sitting in variable humidities .............................................................................63 
ix 
List of Figures 
 
Figure 1. Schematic of basic operation of solid oxide fuel cell. Both anode and 
cathode are porous structures to allow for the diffusion of gaseous species. The 
electrolyte is a dense material sandwiched by the electrodes. Black arrows indicate the 
flow of oxygen ions produced by the cathode conducted through the electrolyte to the 
anode .............................................................................................................................4 
Figure 2. (a) Depiction of common instance fluorite structure. Schematic was 
obtained from reference [7]. Doping of the fluorite structure with trivalent ions in lieu 
of tetravalent ions leads to formation of oxygen vacancies. (b) Depiction of common 
perovskite structure found in LaGaO3 perovskites. A sites are filled by lanthanum 
particles while B sites are filled with gallium particles. The image was obtained from 
reference [9] ..................................................................................................................6 
Figure 3. Image of LSGM in the cubic phase from the point of view of the (110) plane 
of the crystal. (a) Shows the atomic view of the crystal structure. (b) Shows the 
bonding view of the same plane. From Reference [34] ..............................................18 
Figure 4. Example tape casting setup for deposition of anode slurry material. In this 
example setup, there is a slurry vessel that contains the material adjoined to the doctor 
blade to release material as deposition occurs. Image obtained from Ref. [46] ..........26 
Figure 5. Schematic of infiltration process of metal salt solution into porous scaffold. 
For the most coverage, the first step of dropping solution is repeated to include as 
much material as possible. Then, it may be fired to form metal oxide nanoparticles. 
The first two steps can be repeated until the desired metal loading is achieved. Image 
obtained from Ref [51] ................................................................................................28 
Figure 6. Illustrated representation of continuous pathway of nanoparticles after 
infiltration. Metal oxide nanoparticles (small gray particles) cover the porous scaffold 
material made of the same ceramic as the electrolyte (in yellow), forming a 
percolation path for electronic conduction and a high surface area for catalyzation of 
fuel gases .....................................................................................................................28 
Figure 7. Sintering temperature profile for all anode coin cells ..................................32 
Figure 8. Flowchart illustrating infiltration steps for sintered disks ...........................34 
Figure 9. On the left, a normal SEM image obtained from secondary electrons after 
interaction of initial collimated beam with green anode tape containing graphite as 
pore former. On the right, the corresponding backscatter image of the same green 
tape...............................................................................................................................36 
Figure 10. Viscosity measurements of slurry with gap sizes of 500 microns and 200 
microns. As the graph shows, the differences in viscosity are nominal, and therefore a 
gap size of 200 microns was used to conserve material ..............................................37 
Figure 11. Image showing sintered LSGM disks that included Triton X-100 in their 
preparation. The bubbles are visible on the surface of most disks causing cracking (as 
shown) and making them undesirable for further processing .....................................41 
Figure 12. (a) SEM image of corn starch particles used as pore former in initial anode 
disks fabricated. Image was taken at 300X magnification. (b) Graph of particle size 
x 
distribution of corn starch used as pore former. Particle sizes were determined using 
ImageJ processing of SEM images .............................................................................45 
Figure 13. SEM Image of LSGM anode disk created using starch pore former. Image 
was taken at 1300X magnification ..............................................................................46 
Figure 14. SEM image of anode disk using starch pore former. Image was taken at 
5000X magnification ...................................................................................................47 
Figure 15. Image of three sintered disks originally containing starch that underwent 
extreme warpage. The warpage made the disks completely unusable ........................48 
Figure 16. SEM image of activated carbon powder. Image was taken at 15,000X 
magnification ...............................................................................................................49 
Figure 17. SEM image of disks created using activated carbon as pore former. Image 
was taken at 1000X magnification ..............................................................................50 
Figure 18. SEM image of the cross-section of disk created using activated carbon as 
pore former. Image was taken at 5000X magnification ..............................................50 
Figure 19. SEM image of graphite flakes as received from Inoxia. The image was 
taken at 300X magnification .......................................................................................51 
Figure 20. (a) SEM image of sintered disk that used graphite flakes as pore former 
showing distribution of pores in the disk bulk. Image taken at 300X magnification. (b) 
SEM image examining microstructure of sintered disk using graphite flakes as pore 
former. Image taken at 5000X magnification .............................................................53 
Figure 21. Viscosity measurements of the first runs at various temperatures. The 
erratic first few points in the 20⁰C measurements is very likely due to slip at the walls 
from inhomogeneities within the slurry ......................................................................55 
Figure 22. Viscosity data points of slurries from their second run. All samples are the 
same as listed for the 1st runs, with the exception of the 5⁰C sample which was tested 
only once .....................................................................................................................56 
Figure 23. Viscosity data for slurries with diferent solid loadings. The numbers in the 
legend refer to weight percentage of water in the slurry .............................................57 
Figure 24. (a) Thermal analysis graph for dried green LSGM slurry (initial sample 
weight 17.169 mg). The blue curve represents TGA data and corresponds to the left 
axis. The gray curve represents the derivative of TGA data. It corresponds to the right 
axis; (b) Subsection of peak at 1 denoted in (a); (c) Subsection of peak at 2 denoted in 
(a); (d) Subsection of both peaks at 3 denoted in (a); (e) Subsection of 4 denoted in 
(a); (f) Subsection of 5 denoted in (a). All axes in (b), (c), (d), (e), (f) were adjusted to 
best present data. Blue curves still correspond to the left axis, gray curves correspond 
to the right ...................................................................................................................60 
Figure 25. (Top graph) TGA curve of glycerol tested at a ramp rate of 7⁰C/minute. 
(Bottom graph) TGA curve of PEG400 tested at a ramp rate of 5⁰C/min. In both 
charts, blue and gray curves correspond to the left axis; the gray LSGM curve is 
included for comparison.. The orange curves are the derivative graphs of the TGA 
curve of respective materials, and are graphed according to the right axis .................62 
xi 
Figure 26. (Top graph) TGA and DTGA curves of two kinds of PAA polymers. The 
data was obtained from Ref. [69]. The PAA Aldrich material (Mw=250,000 g/mol; 
solid line) was tested at received, while the laboratory material (dashed line) was 
polymerised from acrylic acid and purified. The samples were tested at a ramp rate of 
10⁰C/min in nitrogen atmosphere. (Bottom graph) TGA and DTGA curves of PVA 
(Mw = 72,000 g/mol) obtained from Ref. [70]. The test was performed at a ramp rate 
of 15⁰C/min in nitrogen. The axis presenting the Gram-Schmidt data is not included; 
this curve should be ignored ........................................................................................63 
Figure 27. (a) Cross section of disk P1 infiltrated with nickel, with a thickness of 230 
μm. (b) Cross section of disk P2 (pure LSGM), with a thickness of 215 μm .............68 
Figure 28. (a) Cross section of disk T1 (pure LSGM), with a thickness 543 μm. (b) 
Cross section of disk T2 infiltrated with nickel, with a thickness of 534 μm .............68 
Figure 29. 2000X magnification of the middle of the cross section of disks in Figures 
27 and 28. (a) P1 (infiltrated)  (b) P2 (c) T2 (infiltrated) and (d) T1 ..........................70 
Figure 30. 3000X magnification of (a) P1 and (b) T2. Large pores filled with nickel 
nitrate are present in both samples, and show significant blockage of some channels in 
the scaffold ..................................................................................................................71 
Figure 31. (a) SEM image of denitrified P1 disk after nickel calcination at 700⁰C. (b) 
Backscatter image of P1 disk showing regions of LSGM particles (bright, light area) 
and nickel particles (dark area) ...................................................................................73 
Figure 32. SEM image of cross section of disk T2 showing extensive coverage of 
LSGM by nickel particles. The nickel did not coalesce into larger particles, and shows 
a high active surface area. The apparently larger particles are of LSGM from the 
scaffold; the much smaller particles around the lighter ones are NiO nanoparticles 
post calcination ............................................................................................................74 
Figure 33. Image of entire cross section of disk T2. There are no signs of warpage in 
the final cell, as expected from the low calcination temperature of nickel and the 
inclusion of nickel particles after full sintering of the LSGM scaffold .......................75 
xii 
Abstract 
 
 
Facile Fabrication of Mechanically Stable LSGM-Based Anodes for Use in 
Intermediate Temperature Solid Oxide Fuel Cells 
 
Gabrielle Marie Housel 
Dr. Yury Gogotsi Supervisor, Ph.D. 
 
 
In an effort to eliminate carbon emissions in energy production, fuel cells are being 
developed and improved to provide all of the power required in various applications. 
Solid Oxide Fuel Cells, or SOFCs, show great promise to displace current stationary 
power sources. However, they require further development to be practical enough for 
widespread implementation. Lowering the operating temperature and manufacturing 
cost is of most interest in the evolution of SOFCs. Strontium- and Magnesium-doped 
Lanthanum Gallate, or LSGM, has shown great promise for use in Intermediate 
Temperature SOFCs, and could make existing power generators obsolete. This thesis 
focuses on facilitating the fabrication of LSGM anodes using tape-casting and 
infiltration to make manufacture of these types of SOFCs inexpensive. 
First, an environmentally friendly slurry was developed, using only water as the base 
and minimizing the use of chemicals that would require special disposal. Once 
successfully developed, LSGM anode slurries using pore formers of starch, activated 
carbon, and graphite were investigated for their resultant porosity. Using tape-casting 
methods, disks were sintered and examined for morphology and microstructure, as 
well as mechanical stability. Once graphite was determined to be the most appropriate 
pore former, the viscosity of the slurry for anode production was tested at different 
temperatures and solid loadings in an attempt to capture the ideal processing 
parameters for tape casting. This was performed in an effort to determine if higher 
xiii 
viscosity would require fewer tape casting steps. The sintering profile of the disks was 
confirmed through TGA of slurry constituents, and finally the infiltration of these 
disks was investigated. After testing 1M, 2M, and 3M solutions of nickel nitrate 
solutions for use in infiltration, disks that were infiltrated with 1M solution were 
investigated for nickel coverage before and after calcination of nickel constituents. 
The infiltration proved to be successful, as it did not compromise the mechanical 
integrity of disks while providing sufficient coverage of pores in sintered anode disks.  
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1. Introduction 
 
1.1. Motivation for Producing Fuel Cells 
In the modern age, the demand for energy to power the technologies that are 
increasingly prevalent in everyday life is growing very rapidly. Fossil fuels provide 
most of that energy as infrastructure was built around the consumption of fossil fuels 
to harness energy. Despite recent leaps in the technology available to provide that 
energy sustainably, the United States alone generated 5.2 metric billion tons of carbon 
dioxide emissions in 2015 [1]. According to the United Nations, combustible fuels 
still account for nearly 70% of international energy production [2]. Developing a 
practical alternative fuel source with low emissions is critical to the continued 
development and health of humanity. However, finding a feasible replacement 
requires that the energy source be sustainable, cheap, scalable to large manufacturing 
levels, and highly functional. Fuel cells hold promise of a reasonable alternative for 
the future of energy consumption. Composed of two electrode layers sandwiching an 
electrolyte, they can recover energy from hydrogen and hydrocarbons by oxidizing 
the fuel material, creating water as a byproduct. They promise efficient power that is 
scalable for many applications, from personal technology loads to industrial 
applications requiring Megawatts, all while producing very low emissions.  
There are three major types of applications that would benefit from the use of 
fuel cells. Portable applications do not necessarily require fuel efficiency, but instead 
value better device operating time, lower noise, and lower emissions. This application 
encompasses portable devices, recreational vehicles, and specialized military 
applications. Stationary applications refer to power supply as well as use of combined 
heat and power. At present, this type of demand accounts for over 70% of fuel cell 
revenue. New residential and commercial buildings require stationary power supply, 
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making fuel cells promising for new construction. The double requirement of heat and 
power makes fuel cells even more efficient than conventional power sources, as they 
generate usable heat in operation. Backup power also falls under stationary 
applications. Therefore, one of the most important qualities desired in a fuel cell is 
resilience, or its ability to operate in the face of unexpected events. Finally, 
transportation applications include vehicle propulsion of cars, buses, and material 
handling. Short start-up times and the ability to provide a range of power are priorities 
among fuel cells for these applications [3]. 
  There are five primary types of fuel cells, normally characterized by their 
electrolyte. Each has advantages in different applications, and most are still being 
developed for more widespread implementation. A summary of each type of fuel cell 
can be found in Table 1.  
Table 1: Fuel cell types with normal operating temperatures, power generated, and applications, 
existing or potential [4]. 
Fuel Cell Type Operating 
Temperature 
Power Generated 
in Stack (Watts) 
Applications 
Polymer 
Electrolyte 
Membrane 
(PEMFC) 
< 120⁰C < 1 kW – 100 kW Backup power; portable 
power; distributed 
generation; 
transportation 
Alkaline (AFC) < 100⁰C 1 – 100 kW Military; space; backup 
power; transportation 
Phosphoric Acid 
(PAFC) 
150 – 200⁰C 5 – 400 kW Distributed generation 
Molten 
Carbonate 
(MCFC) 
600 – 700⁰C 300 kW – 3 MW Electric utility; 
distributed generation 
Solid Oxide 
(SOFC) 
500 – 1000⁰C 1 – 2 MW Auxiliary power; 
electric utility; 
distributed generation 
 
Solid oxide fuel cells, or SOFCs, currently possess the most potential for use in 
stationary applications. The ability of cells to internally reform fuel, their potential as 
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both a heat and power source, and their high efficiency are highly attractive qualities. 
In the future, they may be able to supply consumer power grids with a much more 
environmentally friendly source of electricity. However, current operating 
temperatures demand much of and quickly degrade the materials used to create and 
house the cells, pose problems in startup time, and can limit the number of shutdowns 
a cell can handle [4]. These hurdles must be overcome before widespread use of 
SOFCs can become practical for power generation. 
 
1.2. Basic Principles of Solid Oxide Fuel Cell Operation 
For most configurations, SOFCs are built by stacking a porous anode onto a dense, 
ionically conductive solid oxide electrolyte, which is then stacked on a porous 
cathode. Hydrogen enters the anode and is oxidized into a proton. On the cathode 
side, the Oxygen Reduction Reaction (ORR) occurs. Oxygen ions then migrate 
through the electrolyte layer to react and form water as a byproduct in the anode. The 
electrolyte, being electrically insulated, blocks the electrons from passing, forcing 
them out to an attached external circuit and producing a current; a schematic is as 
shown in Figure 1. 
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On the anode side, hydrogen gas enters as the fuel component and diffuses into the 
porous anode. In the anode, which acts as a catalyst for the reaction, hydrogen is 
oxidized into a proton, while electrons are forces to an external circuit. The most basic 
oxidation reaction in the anode, assuming pure hydrogen gas fuel, occurs as: 
𝐻2 → 2 𝐻
+ + 2 𝑒−  (Eq. 1) 
At the cathode, oxygen gas, obtained from air, enters and reduces according to: 
𝑂2 + 4 𝑒
− → 2 𝑂2−  (Eq. 2) 
Those oxygen ions then diffuse through the electrolyte layer to reach the anode of the 
cell. In the anode, the protons and oxygen ions combine to form pure water as the 
byproduct, with a final overall chemical reaction as: 
Figure 1: Schematic of basic operation of solid oxide fuel cell. Both anode and cathode are 
porous structures to allow for the diffusion of gaseous species. The electrolyte is a dense 
material sandwiched by the electrodes. Black arrows indicate the flow of oxygen ions 
produced by the cathode conducted through the electrolyte to the anode. 
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2 𝐻2 +  𝑂2 → 2 𝐻2𝑂  (Eq. 3) 
For pure hydrogen gas fuel, water is the only byproduct of the generation of current 
from the cell, thus making SOFCs ideal for clean energy generation.  
 
1.2.1 Electrolyte 
As the name suggests, the electrolyte of SOFCs is a solid oxide ceramic. As 
mentioned previously, the electrolyte layer must be able to conduct ions across its 
bulk so that the oxygen ion species and the hydrogen protons can react in the anode to 
form water. To be effective, it must be electrically insulated, as electric conduction 
leads to diminishing returns from the fuel due to fewer electrons diverted to the 
external electrical load. Additionally, it must be as dense as possible in order to avoid 
the interaction of fuel and oxidant constituents. It must be chemically inert to the 
anode and cathode materials to avoid inter-diffusion and subsequent phase formation 
of species. Also, it must be able to withstand both the reducing environment at the 
anode and the oxidizing environment at the cathode. The electrolyte must be able to 
withstand high thermal and mechanical stresses; the most common range of operation 
of SOFCs is between 800⁰ and 1000⁰C, although new efforts are being made to lower 
the operating temperature of cells. It is ideal if the thermal expansion coefficient is 
comparable to those of the electrodes and other materials with which it is in contact, 
as this limits internal stresses and reduces the likelihood of delamination, or 
separation of layers, due to thermal mismatch. Of course, it must also be fairly easily 
fabricated and as cheap as possible. Modern configurations favor making the 
electrolyte as thin as possible to facilitate fast ion transport across its bulk, requiring 
the successful deposition of layers at thicknesses of just tens of microns [5-8].  
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In SOFCs, oxygen ions are the species to be conducted across the electrolyte. Oxygen 
ions jump from one lattice site to an adjacent, unoccupied oxygen site due to thermal 
activation. While the activation energy is required to be very low, at lower than 1 eV, 
and oxygen is normally the largest species in the crystal structure and thus would be 
expected to require the most amount of energy for diffusion, solid oxide electrolytes 
contain numerous oxygen site defects and vacancies thus making it easier for the 
migration of oxygen ions than for smaller metal ions in the presence of an external 
field. While partially occupied fluorite structures, certain perovskites, and several 
composite crystals exhibit this type of ionic conductivity, the requirements discussed 
previously have primarily limited those choices to zirconia and ceria fluorites, as well 
as LaGaO3-based perovskites. Figure 2 depicts fluorite and perovskite structure types. 
For both structure types, the presence of oxygen vacancies can be enhanced by doping 
of the crystal with a cation of different, usually lower, valence than the predominant 
ion. For every two ions of lower valence, there is a corresponding oxygen vacancy 
a) b) 
Figure 2: (a) Depiction of common instance fluorite structure. Schematic was obtained from 
reference [7]. Doping of the fluorite structure with trivalent ions in lieu of tetravalent ions 
leads to formation of oxygen vacancies. (b) Depiction of common perovskite structure found 
in LaGaO3 perovskites. A sites are filled by lanthanum particles while B sites are filled with 
gallium particles. The image was obtained from reference [9]. 
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site, which enhances transport of oxygen ions across the bulk. However, studies have 
shown that there are limitations to the quantity of dopant and preparation of the final 
material that will benefit oxygen migration, which is likely due to clustering of ions 
and therefore isolation of transport sites [5-7]. 
 
1.2.2. Anode 
The SOFC anode has multiple functional requirements to be considered efficient. It 
must have a porosity greater than at least 25% in order to efficiently diffuse fresh fuel 
to and reaction products from the active site; porosities nearer to 35% and 40% have 
shown promising results and are generally accepted as the target porosity for anodes. 
It must possess mixed ionic and electronic conductivity in order to carry electrons to 
the electrical load and for ions to quickly reach the triple phase boundary; the triple 
phase boundary, or TPB, is the point at which electrode, electrolyte, and gas species 
meet and begin the reaction [10-11]. The anode must be able to catalyze the oxidation 
of the incoming fuel, which ideally is hydrogen; the reaction was discussed above. 
However, it is increasingly desirable for anodes to be able to use or reform 
hydrocarbon fuels in their bulk to eliminate the expensive step of purifying natural 
gas fuel sources. These fuel sources often contain carbon monoxide and light 
hydrocarbons like methane, which are reformed in the anode according to the 
chemical reactions of [12]:  
𝐶𝑥𝐻𝑦 + 𝑥 𝐻2𝑂 →  𝑥 𝐶𝑂 + (
𝑦
2
+ 𝑥) 𝐻2 (Eq. 4) 
𝐶𝑂 +  𝐻2𝑂 → 𝐶𝑂2 +  𝐻2  (Eq. 5) 
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The resultant hydrogen gas is then used as reactant of Equation 3 in the previous 
section. This internal reformation step lowers the operating cost of SOFCs. 
Additionally, it should be stable in a variety of extreme oxidizing and reducing 
environments, stable in thermal cycling, have a long lifetime, and be inert to the cell 
components in contact with the anode. Thermal expansion coefficients should match 
as much as possible to prevent thermal-induced stresses in the final cell. Beyond 
functional requirements, processing must be minimized to create an SOFC that is 
competitive with existing power supply technologies. An SOFC that is a viable 
product alternative in a modern market must be inexpensive, easy to fabricate, 
mechanically strong, and resistant to reaction with byproducts. Ideally, it is also 
resistant to carbon deposition and to sulfur poisoning to maximize its lifetime even in 
the presence of impure fuels [10-11, 13].  
Predominantly, anodes are made of solid solutions of metal or metal oxides and 
electrolyte in order to minimize thermal expansion mismatch and metal coarsening 
while still maintaining a reasonably high level of electric and ionic conductivity. 
Nickel, among the cheapest and most popularly studied metal, shows high activity 
with regard to hydrogen since it acts as an electron acceptor thus turning hydrogen 
atoms into protons [14]. It is chemically stable, making it a cheap, efficient catalyst 
for fuel conversion in SOFCs. In order to be a great catalyst of hydrogen, any metal 
phase should have a high surface area to maximize the active sites and interaction 
with triple phase boundaries. In particular, when combined with electrolyte ceramics, 
nickel aggregation must be kept to a minimum, thus maintaining a high active surface 
area. Common ratios of nickel to electrolyte tend to stay in the neighborhood of about 
50:50 weight percent when produced by conventional methods [13]; however, newer 
methods such as infiltration have created anodes demonstrating high performance 
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with much lower nickel content, with values closer to 14 volume percent [15]. These 
will be discussed later. When conventionally fabricated, though, anode-supported 
SOFCs are often split into two parts to improve catalytic performance; the first, the 
structural layer, acts as the actual mechanical support portion of the cell and transports 
fuel gas to the second denser portion, the functional layer. The density of metal 
present is desired to be at least 10 vol% higher in the functional layer to improve 
catalytic activity and conductivity in the cell [13]. The structural layer, being coarser 
than the functional layer, can quickly transport species such as fuel and water 
molecules to and from the active site. The functional layer is finer, and maximizes the 
triple phase boundary for maximum electrochemical activity. Functional layers tend 
to be quite thin, no more than 50 microns and often less than 20 microns [16].  
 
1.2.3. Cathode 
SOFC cathodes have many of the same functional and fabrication requirements as for 
anodes. They must be porous, at least electrically conductive, and stable in a range of 
environments. It must be able to efficiently carry oxygen gas, reduce it to oxygen ions 
per the equation previously mentioned, and deliver it to the electrolyte [17-18]. In the 
case of cathodes that possess only electrical conductivity, it is desirable to have a high 
density of TPBs between cathode material, electrolyte material, and gas to enhance 
oxygen transport and reduction; the overall reaction stated in equation 3 only occurs 
at these TPBs. If the cathode ceramic oxide is both electrically and ionically 
conductive, the reduction of oxygen species may occur further into the bulk of the 
cathode, away from the cathode-electrolyte interface thus extending the reaction zone. 
Instead of reducing at the TPB, it would reduce anywhere. These mixed-conductivity 
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materials tend to exhibit more active behavior. However, reaction sites of oxygen 
species are not fully understood nor agreed upon in the literature, even for the most 
commonly used cathode materials [18-19]. For best results, it is composed of 
relatively inexpensive materials, and has long term durability for repeated operation. 
At its operation temperature, it should be inert with regard to the electrolyte and other 
attached cell components. Unlike anodes, which have been used as structural supports 
for cells, cathodes should be thinner to reduce Ohmic resistance losses [18]. 
Cathodes are almost always composed of perovskite materials, often using a 
lanthanum-based perovskite structure to facilitate oxygen reduction; as mentioned 
previously, perovskite structures follow the formula ABX3, where A is a large cation 
similar in size to oxygen, B is a metal ion occupying interstitial sites, and X is a large 
anion that exhibits close-packing, in these cases oxygen [19-20]; the perovskite 
structure can be seen in Figure 2(b). While oxygen gas reduction sites are not widely 
agreed upon, the primary mechanism for oxygen transport is widely accepted as 
vacancy diffusion for high-performance SOFC cathodes. Many of the most commonly 
used cathode materials are electronically conductive but possess negligible ionic 
conductivity, though composite electrodes tend to exhibit superior ionic and electrical 
conduction behavior [18-19]. 
 
1.3. Materials: High Temperature SOFCs 
1.3.1 Common Electrolyte Materials 
Several materials have been investigated for use as electrolyte materials in high 
temperature SOFCs, or HTSOFCs. The most popular are zirconia oxide ceramics. 
Zirconia is cheap, abundant, and has a minimum electronic conductivity at operation 
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oxygen partial pressures. Although pure zirconia crystals cannot be used as electrolyte 
materials because of negligible ion conduction at SOFC operating temperatures and 
undesirable large volume change phase transitions from monoclinic to tetragonal, 
yttrium and scandium have been studied extensively as dopant ions in zirconia 
structures. They exhibit desirable properties such has high mechanical stability, 
chemical inertness to other materials as well as chemical stability in the presence of 
products and reactants, and high ionic conductivity. Yttria-stabilized zirconia, or YSZ, 
is the most common electrolyte used for HTSOFCs. Yttrium has a lower valence than 
zirconium, and so creates oxygen vacancies when used to dope zirconia. For every 
two trivalent yttrium ions, one oxygen vacancy is created [6]. Mole percentages of 
dopant yttrium between 3% and 10% have been extensively investigated, with 8mol% 
cubic YSZ being the composition with the highest ionic conductivity at 1000⁰C and 
having sufficient mechanical strength at high temperature; of the monoclinic, 
tetragonal, and cubic crystal structures that zirconia can have, cubic structures are 
considered the conductive ones because of open structure and charge carrier mobility 
[8, 21]. 8mol% YSZ has proven to be the critical value of dopant for a stable cubic 
structure down to room temperature. It appears only effective at high temperatures, 
though, as the ionic conductivity of YSZ at 1000⁰C is nearly 3.5 times the value at 
800⁰C [5-6]. This is likely due to the more significant effects of impurities and 
secondary phases at grain boundaries at lower temperatures and defect pair 
associations, while their effects are unimportant at 1000⁰C. The conductivity starts to 
decrease at higher loadings of yttrium, though. This is caused by the formation of 
point defects which interact with each other as well as vacancies, increasing the 
activation energy for oxygen migration and therefore reducing mobility of ions [6, 8, 
21-22]. 
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1.3.2 Common Anode Materials 
Most anodes chosen for SOFCs are based on the electrolyte used. The most 
commonly used anodes in HTSOFCs are blends of YSZ and metallic nickel or nickel 
oxides. As discussed previously, YSZ is suitable for high temperature applications, 
particularly 8-mol% YSZ as it has a high ionic conductivity at 1000⁰C and sufficient 
mechanical strength above 500⁰C [5]. Nickel is normally incorporated into YSZ in 
volume ratios from 35:65 to 55:45, depending on how high the electronic conductivity 
should be in the cell. Nickel is a great catalyst for hydrogen oxidation, and its 
inclusion in the anode makes it both electronically and ionically conductive. By 
making a composite of the two, the thermal expansion coefficient of the anode can be 
matched with the electrolyte, thus limiting the potential delamination or cracking on 
thermal cycling [13, 23]. Nickel oxides tend to produce superior anodes when blended 
with YSZ than with metallic nickel. When produced using conventional methods, in 
which powders are mixed and subsequently sintered together, metallic nickel’s 
melting temperature is close to sintering temperature, and thus causes densification of 
the anode and coarsening of the nickel particles at the triple phase boundary, 
decreasing efficiency. Additionally, nickel oxide can be sintered in air, while metallic 
nickel requires an inert atmosphere. The nickel oxide is later reduced to pure nickel in 
the presence of the hydrogen fuel at operating temperature [5, 10, 23]. Because YSZ 
is electrically insulating, the anode requires a fully percolated nickel network to 
possess the electrical conductive needed in the anode [24]. 
The lifetime of nickel-based YSZ anodes in the presence of impurities is still a critical 
issue in HTSOFC development. When anodes are operated between 600⁰ and 800⁰C 
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in the presence of methane fuel, carbon begins to deposit on the nickel in the anode, 
effectively reducing the active area, thus deteriorating performance over time [10]. A 
variety of different forms of carbon will deposit depending on temperature and steam 
content. These range from filaments, graphite, carbide, and polymeric, among others, 
all of which diminish the performance with time [16]. Additionally, metallic Ni-YSZ 
anodes are extremely susceptible to sulfur poisoning. The sulfur adsorbs on the 
surface of the nickel, drastically reducing the active area. At operating temperatures 
between 950⁰ and 1000⁰C, the effect of the sulfur is perceptible at 5 to 10 parts per 
million (ppm); at 800⁰C, this figure falls to just 0.05 ppm [10]. If the sulfur poisoning 
content is low enough, performance loss in the anode might be recoverable, given that 
the anode is no longer exposed to sulfur for an extended period. However, at certain 
concentrations, the damage can be irreversible. At lower temperatures, the threshold 
concentration falls, implying the Ni-YSZ anodes cannot be considered for an 
intermediate temperature range [16] Despite some promising results with doping 
copper into the final anode in the reduction of carbon accumulation, it lowers the TPB 
available [5]. 
 
1.3.3. Common Cathode Materials 
For HTSOFCs, the most commonly used cathode material is strontium-doped 
lanthanum manganite, or LSM. It performs best when the operating temperature is 
kept above 800⁰C, although it has shown to have limited oxygen ion conductivity at 
temperatures around 900⁰C. This requires that the cathode be sufficiently porous to 
allow for the transport of oxygen ions to the TPB, and limits the reaction zone to the 
electrode-electrolyte interface. When LSM contains an excess of lanthanum or 
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strontium and is used with YSZ electrolyte, insulating phases containing zirconium 
and lanthanum or strontium can form, diminishing overall cell performance. 
However, increasing manganite content and limiting the fabrication temperature to 
below 1300⁰C have shown to limit this harmful phase formation [5].  
Studies have shown that compositions of La1-xSrxMnO3 with increasing x values have 
improved electrical conductivity, with a peak at x=0.5 [18]. Unlike with other 
perovskites, the addition of the lower valence strontium does not create oxygen 
vacancies for ion transport, but instead oxidizes the manganese ion, increasing the 
electron-hole pair concentration and therefore improving conductivity [19]. However, 
as discussed previously, LSM is not ionically conductive and limits oxygen reduction 
to the interface between electrode and electrolyte. It is therefore desirable to create 
cathodes of mixed ionic-electronic conductive character. This raises the ionic 
conductivity and increases the surface area on which oxygen atoms can reduce [19]. 
Additionally, creating cathodes with mixed ionic-electronic conduction creates 
opportunities for further development of SOFCs that operate at lower temperatures, 
widening their potential applications [25]. 
 
1.4 Materials: Intermediate and Low Temperature SOFCs  
Intermediate and low-temperature SOFCs (ITSOFCs, LTSOFCs, respectively) have 
become the forefront of fuel cell research. To cut startup and shutdown time required 
to reach the necessary temperature as well as to broaden the range of usable materials 
for completed cell components, such as interconnects, it would be ideal to create a cell 
that could operate with the same efficiency at lower temperatures. The predominantly 
researched temperature range for lower temperature cells is between 500⁰ and 800⁰C, 
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with some endeavoring to lower operation temperature to as low as 300⁰C [26]. As 
importantly, lowering the operation temperature would improve the lifetime of a cell. 
Corrosion would be reduced, durability would increase, and the inter-diffusion of 
electrode and electrolyte as well as the densification that occurs at high temperatures 
would be greatly reduced if not eliminated [27].  
 
1.4.1. Common Electrolyte Materials 
1.4.1.A. Zirconia-based materials 
Scandia-stabilized zirconia, or ScSZ has been considered as a candidate for ITSOFC 
electrolytes. This material has a higher conductivity than the other known stabilized 
zirconia electrolytes, and remains in a conductive cubic phase when it is 8.0 to 9.0 
mol% scandia, as for yttria, though studies have shown that the phases present in 
Scandia-zirconia materials are very complex and depend on not just Scandia content 
but also on preparation method. Because of the small mismatch in ionic radii of 
scandia and zirconium, oxygen diffusion activation energy is lower, leading to higher 
ion conductivity at comparable temperatures compared to YSZ. In fact, ScSZ 
possesses an ionic conductivity at 780⁰C comparable to that of YSZ at 1000⁰C. 
However, conductivity at temperatures below 500⁰C is actually lower than that of its 
yttria-stabilized counterpart due to a steeper increase in activation energy at lower 
temperatures than that of YSZ and a change in phase from cubic to rhombohedral. 
Additionally, ScSZ is susceptible to significant aging effects. The cubic fluorite phase 
that leads to high ionic conductivity will change to a lower conductivity rhombohedral 
phase with use, as demonstrated by a ten-fold decrease in conductivity of 8mol% 
ScSZ aged at 1000⁰C for 1000 hours [6, 8, 28]. 
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1.4.1.B. Ceria-based materials 
Ceria based electrolytes have received increasing attention for use in ITSOFCs. When 
doped with a variety of oxides, the most popular being Gd2O3 (producing gadolinia-
doped ceria, or GDC) and Sm2O3 (producing samaria-doped ceria, or SDC), the ceria-
based electrolytes exhibited high ionic conductivity at temperatures as low as 350⁰C. 
While it exhibits the same fluorite structure as doped zirconia, it has dual proton and 
oxygen ion conductivity, thus demonstrating an ionic conductivity an entire order of 
magnitude greater than zirconia. This is attributed to its larger ionic radius, creating a 
more open and easily traversable structure for oxygen ions to migrate through, as well 
as a lower activation energy for oxygen ion diffusion [22, 28]. An optimal doping 
content is hard to quantify, though. The number of free vacancies in ceria-based 
electrolytes depend on temperature, so the “optimal” content would depend on 
operation parameters. It is fairly widely agreed upon, however, that 10-15mol% of 
dopant will lead to high ionic conductivities [6, 8]. However, ceria is easy to reduce; 
reducing ceria from Ce+4 to Ce+3 creates a volume change in the electrolyte that can 
lead to delamination and cracking as well as electronically conductive character, thus 
creating leakage across the cell. This reduction occurs at low oxygen partial pressures 
and at temperatures above 600⁰C [27-29]. Recent work in nanocomposite electrolytes 
may be able to reduce the significance of the leakage issue with ceria-based 
electrolytes. By including salts or proton conductors, conductivities of a variety of 
nanocomposites have more than quintupled at low temperature operation [29].  
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1.4.1.C. Strontium and Magnesium-doped Lanthanum Gallate materials 
Lanthanum-gallium-based oxides have been increasingly researched for use as 
ITSOFC electrolytes, particularly strontium- and magnesium-doped lanthanum gallate 
(La1-xSrxGa1-yMgyO3, or LSGM). LSGM has demonstrated remarkable conductivity 
that is exclusively ionic in oxygen atmospheres with partial pressures below 1 
atmosphere compared with perovskites that include other dopants, and is the primary 
choice for ITSOFCs at present [30-32]. It shows potential for use at a wider range of 
temperatures because it continues to work effectively at temperatures above 600⁰C, 
unlike ceria-based electrolytes, and at temperatures as low as 400⁰C; additionally, it 
still has almost exclusively ionic conductivity at very low oxygen partial pressures 
[30, 59]. At temperatures between 800⁰ to 1000⁰C, LSGM has demonstrated ionic 
conductivity comparable to that of scandia-doped zirconia, and as high as five times 
the conductivity value of YSZ at 800⁰C [28, 30]. Additionally, it is cheap enough for 
practical large-scale production [30].  
LSGM exhibits its highest conductivity when its structure is highly symmetrical, has a 
high lattice free volume, and exhibits low lattice distortion, therefore indicating that 
the cubic phase is most desirable. The cubic phase occurs when the addition of x and 
y is greater than 0.35 (according to the stoichiometry mentioned above), with best 
results occurring when both x and y are 0.20 at room temperature. Studies show, 
however, that lower dopant concentrations will still create the cubic phase in LSGM 
as temperatures near 500⁰C, thus making LSGM an effective ionic conductor at 
numerous compositions [33-34]. A diagram of the cubic structure from the view of 
the (110) plane is shown in Figure 3. It shows that there is little to no distortion of the 
oxygen octahedra (Ga-O-Ga bonds are at 180⁰; O-Ga-O bonds are at 90⁰) [34]. 
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Its major advantage come from its chemical and structural compatibility with cathode 
materials commonly used in SOFCs [28]. For example, it was found that for LSC, 
despite significant interdiffusion of cobalt into the LSGM and gallium into LSC, there 
was no major issue identified as a result of the interdiffusion. For popularly used 
LSM, the diffusion of manganese into LSGM and gallium into LSM was extremely 
limited. Finally, it is highly compatible with SrCo0.8Fe0.2O with limited interdiffusion 
[35]. However, certain stoichiometries of LSGM has been shown to develop 
insulative phases. When y is between 0.05 and 0.10, an atomic amount that is no 
longer popularly used for modern-day electrolytes, the insulative LaSrGa3O7 forms. 
This phase does not conduct oxygen ions and can hinder the electrolyte’s performance 
by blocking diffusion at grain boundaries. At more common ratios, particularly when 
x is 0.20 and y is between 0.25 and 0.30, LaSrGaO4 is formed. However, it was found 
to not hinder oxygen diffusion and did not contribute to any reduction in conductivity 
at grain boundaries [35]. LSGM, therefore, holds the most promise for use in versatile 
fuel cells and may become the most important electrolyte for future use. 
 
Figure 3: Image of LSGM in the cubic phase from the point of view of the (110) plane of the 
crystal. (a) Shows the atomic view of the crystal structure. (b) Shows the bonding view of the 
same plane. From Reference [34]. 
a) b) 
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1.4.2. Common Anode Materials 
Nickel doped cermets of the electrolytes previously discussed are currently the most 
popular potential materials being explored. The low cost and high manufacturability 
of nickel make its continued use in anodes very attractive. Nickel and doped ceria 
cermets as well as Ni-LSGM have been researched as anode materials for lower 
temperature use [36]. The use of nickel in these cermets has shown reasonable 
performance, provided that the particles are small to maximize the active area [36-38].  
Doped cerias are promising new materials for lower temperature use. As mentioned 
previously, in reducing atmospheres and low oxygen partial pressures ceria becomes a 
mixed ionically and electronically conductive material, which is desirable in an SOFC 
anode. Adding nickel to a doped-ceria scaffold enhances the electronic conductivity 
and oxidation of hydrogen into protons for later combination with oxygen ions. This 
type of anode promises to extend the reaction zone into the bulk of the anode, thus 
reducing the stringency of requirement for numerous TPBs for effective power 
production. Additionally, ceria-based anodes have shown negligible carbon deposition 
at temperatures below 700⁰C, which may allow for extended lifetimes of final cells. 
Nickel-doped GDC has also exhibited an extremely desirable resistance to sulfur 
poisoning, where cell voltage fell by only 0.06V upon exposure to fuel that contained 
700 ppm H2S; nickel-ceria anodes also showed reasonable tolerance to fuels 
containing up to 5000 ppm [38-39]. However, when anodes prepared using nickel are 
cosintered at high temperatures with ceria electrolyte, nickel can and does create 
undesirable microstructures, which are often critical to performance. Additionally, 
there is discernible mechanical degradation of ceria based anodes in the presence of a 
reducing atmosphere, thus shortening the lifetime of the cell. While there are 
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processing methods that may overcome the drawback of nickel diffusion and 
agglomeration, it is usually expensive and requires extra processing [28, 36-37]. 
Nickel-doped LSGM also shows desirable behavior for use in LSGM electrolyte-
containing cells. By using the same LSGM material used in the electrolyte, the TECs 
of both are closely matched and lowers or even eliminates the stresses due to 
expansion and contraction of the different parts of the cell. Any interactions between 
cell components are greatly reduced when using the same material in electrolyte and 
anode. Thus, the use of an anodic scaffold of the same material offers advantages in 
the final cell that would enhance the lifetime of an SOFC. Although Bartolomeo et. 
Al. found that there was significant carbon deposition on nickel infiltrated LSGM 
anode powders, there was no discernible deactivation of the catalyst after 50 hours of 
exposure to CH4/CO2 fuel in unfavourable conditions. Additionally, the deposited 
carbon was oxidized in the Ni-LSGM anode at 650⁰C, showing the potential for easy 
regular removal of deposited carbon, as well as oxidation from incoming oxygen ions 
from the cathode side of the cell. This promises increased carbon tolerance for Ni-
LSGM [40]. At elevated temperatures such as sintering temperature, Ni-LSGM forms 
secondary phases with nickel which are insulative and lower the performance of the 
final cell. However, infiltration of the cell with a liquid nickel precursor, a method 
that will be expanded upon later, can avoid these drawbacks and deliver maximum 
cell efficiency without reactivity between the ceramic and nickel components [41]. 
Studies have shown that with sufficient nickel loading, the metallic layer forms 
nanoparticles with features smaller than 100 nm, thus achieving desirably high active 
surface area for fuel oxidation and electrical conductivity. Ensuring the full coverage 
of the LSGM scaffold is of primary concern in development of LSGM anodes for 
future use. Other compositions have been investigated and show some promise for the 
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development of cells with higher tolerance of fuel impurity, but many do not possess 
other desirable properties for anodes, such as inertness to other components [36]. 
 
1.4.3. Common Cathode Materials 
As discussed previously, LSM is not a suitable cathode candidate for lower 
temperature SOFCs. The perovskite performs sufficiently well at 800⁰C and above 
because of an adequate quantity of oxygen vacancies for ion diffusion as well as a low 
activation energy for that ionic diffusion [27-28]; this limits pure LSM for use in only 
HTSOFCs. While modified versions of the ceramic have been studied, scientists have 
been focusing on identifying new cathode materials for use at lower temperatures 
[28]. Lanthanide materials containing cobalt such as LaCoO3 have been promising as 
they demonstrate mixed ionic and electrical conductivities as well as decreased 
polarization resistance, and are part of a class of materials called MIECs (mixed ionic-
electronic conducting materials) [19, 28, 42]. A common method for conductive 
improvement of cobalt-containing lanthanides is to dope it with divalent ions, with the 
most common being strontium; this greatly improves the conductivity of the 
perovskite material. However, as with most cobalt-containing cathodes, La1-xSrxCoO3 
(commonly referred to as LSC) has a high temperature expansion coefficient, thus 
limiting its use with other components of the SOFC. The sensitive response to 
temperature causes structural and mechanical issues, like possible delamination, at the 
cathode-electrolyte interface, diminishing overall performance and leaving much to be 
desired as a final cathode material [42]. Lanthanum ferrite perovskites are also 
promising candidates for use in ITSOFCs. The stable electronic configuration of iron 
of 3d5 indicates that a lanthanum ferrite would be less sensitive to temperature 
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changes than a cobalt-containing counterpart. This would reduce the extent of 
delamination and mechanical instabilities; however, its electrochemical performance 
is poorer than that of cobalt-containing compounds [19]. In an effort to obtain both 
desirable properties in a single cathode material, research has been devoted to 
studying the effect of doping LSC with iron. The results have been interesting, and 
indicate that La1-xSrxCo1-yFeyO3, or LSCF, can be tuned to optimize the electrical and 
ionic conductivities and thermal expansion coefficient of the final cathode for use 
with different electrolyte materials [18, 27, 42]. While LSCF cannot be used with 
commonly used high temperature YSZ electrolyte because of reactions at the 
interface, it has been used with ITSOFC electrolytes LSGM and ceria-based ceramics 
with some success. However, strontium diffuses out of LSCF thus depleting strontium 
content; this lowers performance and makes the lifetime of the cell much shorter than 
is desirable [19]. 
Cathode materials that do not use lanthanide but are cobalt-based perovskites have 
produced great results when used with ceria or LSGM electrolytes. Particularly, 
materials based on strontium-doped samarium cobaltite, or SSC, have shown promise 
for use as a cathode, both as a pure perovskite and as a composite [28, 43]. However, 
this material also has a high thermal expansion coefficient, leading to the same 
delamination at the electrode-electrolyte interface as for LSC [19]. Composites of 
SSC with the electrolyte material helps reconcile the mismatch in thermal sensitivity 
and diminishes reactivity between layers. As with above, the addition of iron can help 
mitigate the high thermal coefficient, while still maintaining cell performance above 
100 S/cm at 800⁰C. The resistivity of the cell increases with increasing iron content to 
a threshold, after which resistivity falls again; therefore, cathodes can be doped to an 
optimal composition to achieve low thermal expansion and reasonable performance 
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[43-45]. A number of other cobalt-containing cathodes have also been investigated, 
such as Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF), Pr0.6Sr0.4Co0.8Fe0.2O3 (PSCF), and 
Sr0.8Ce0.2Fe0.7Co0.3O3, but all possess from the same high thermal expansion 
coefficients that cobalt-containing perovskite commonly have. Non-cobalt-containing 
materials are still under investigation for use in ITSOFCs, and may become more 
commonly used for lower temperatures in future cells [19]. 
 
1.5 Fabrication Techniques 
In SOFCs, thin films with a variety of thicknesses, which can range from a few 
microns to over 200 microns, as well as a range of densities are desired. In the more 
commonly used anode-supported cell, very thin, dense electrolyte films are ideal to 
minimize the distance that oxygen ions need to diffuse in order to combine with 
protons to form water and to prevent leakage of ions from crossing between 
electrodes. These films are often only tens of microns thick. Cathodes are similarly 
thin, again to minimize the distance that oxygen gas needs to travel to be reduced near 
the electrode. However, they are much more porous than electrolytes to allow for easy 
penetration of the gas and must maximize the available active area to facilitate oxygen 
reduction. Anodes, though, are often much thicker because they act as the structural 
support of the cell, and ideally are more than 200 microns thick to bring sufficient 
stability to the final cell configuration. They are also quite porous to maximize the 
diffusion of fuel to active sites and of product from those active sites to allow for 
smooth operation. 
There are a number of ways to achieve thin films for electrolyte and electrode, each 
with advantages and disadvantages. Chemically based processes include chemical or 
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electrochemical vapor deposition (CVD and EVD, respectively), sol-gel processing, 
and spray pyrolysis. Common ceramic processes like slurry coating, screen printing, 
and tape casting, each followed by a sintering step to achieve the final film, are useful 
alternatives to chemically-based methods. Physical methods are also widely used, 
particularly for mass production, are techniques like thermal spray, laser deposition, 
physical vapor deposition (PVD), and sputtering. Oftentimes, the method chosen for 
each layer is based on the overall sequence of manufacture of the final cell. It ideally 
optimizes the final microstructure while still being cheap enough to use practically on 
a larger scale [6]. 
Perhaps the most interesting technique for planar film deposition at a large scale is 
tape casting. Tape casting is the most viable preparation method for thick support 
layers, but has also proven to be useful for thinner layers as low as ten microns. It 
allows for multiple layer tape casting of cell constituents in a sequential manner, 
further reducing the manufacturing time and cost needed for sintering of layers 
because they can be co-fired. The desired ceramic composition is prepared into a 
slurry with organic binders, plasticizers, and dispersants to create a suspension with 
homogeneous distribution of all particles and with sufficient viscosity to deposit the 
desired thickness for the film. For electrode film casting specifically, pore former 
agents are also included in the slurry to ensure sufficient porosity in the final sintered 
layer. The more common method for anode layer deposition requires the 
homogeneous mixing of metal oxide powders with the desired ceramic; presumably, 
the ceramic was obtained in the desired stoichiometry or already underwent a solid-
state reaction to form the desired material. A solvent is often included to guarantee 
good pre-mixing of the powders, and is always used in the final slurry. Historically, 
slurries have used a range of solvents, such as ethyl alcohol, isopropanol, toluene, and 
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water. The organic solvents are often preferred because they evaporate more quickly, 
reducing final fabrication time. Water, though, reduces the need for volatile chemicals 
that raise environmental and health concerns, making the entire process more 
environmentally and user friendly [46-48].  
In anode tape casting, once the nickel oxide powders are sufficiently mixed with the 
ceramic oxide, and the desired amount of solvent is included, the organic constituents 
and pore former are added. Binders and plasticizers are used to increase the viscosity 
of the slurry. Binders maintain cohesion in the final film, ensuring that it stays 
together, while plasticizers lend ductility to the unsintered tape obtained upon 
evaporation of the solvent. The dispersant, often added before binder or plasticizer, 
helps maintain homogeneous distribution of ceramic particles in the slurry for a final 
homogeneous tape. Pore formers are included with a desired volume percentage 
intended to optimize the final porosity of the tape-cast layer. The amount, type, shape, 
and decomposition temperature of the pore former is critical in the final pore 
formation in anode tapes, and thus in the final performance of SOFCs. Some of the 
most common pore formers are organic materials like starches, including corn, potato 
and rice. Others are inorganic, often different forms of pure carbon [49]. 
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Once the slurry has been prepared, tape casting actually occurs. Tape casting involves 
spreading the slurry onto an appropriate base, often Mylar film on a glass plate, using 
a doctor blade set to the desired thickness for an even film deposition. Multiple layers 
can be deposited at once to slowly achieve the final desired thickness by modifying 
the blade height to allow sequential layering of slurry onto the Mylar. An example 
setup is as shown in Figure 4 [46]. 
In less sophisticated setups, often used in laboratory settings, there is no slurry vessel 
adjoined to the doctor blade. Instead, a finite amount of slurry is added before the 
doctor blade begins to move, thus spreading a predetermined quantity of slurry 
material along the Mylar film. Additional material is tape cast in steps on top of each 
layer until the desired thickness is obtained. 
Figure 4: Example tape casting setup for deposition of anode slurry material. In this 
example setup, there is a slurry vessel that contains the material adjoined to the doctor blade 
to release material as deposition occurs. Image obtained from Ref. [46]. 
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When considering electrodes in which metal or metal oxide must be incorporated 
directly into the bulk of purely ionically conductive material fabricated by 
conventional techniques, manufacture requires that there must be a percolation path 
for electrons, ions, and reaction species to travel. A percolated path is continuous, and 
spans the entire electrode. It allows for the transport of ionic species from channels to 
active sites and electrons to external circuits, and without it there is a significant 
decrease in conductivity [50]. Thus, as mentioned in the discussion of anodes, it 
requires that a significant amount of metal be present to ensure that there is a 
percolated path for the movement of all species through the electrode. This can 
increase the cost of manufacture because of higher quantity requirement of material. 
Additionally, incorporating the metal species directly into the green electrode can lead 
to issues in the final cell. The metal particles will coarsen, reducing the active area 
available to fuel, at high sintering temperatures. Additionally, there can be 
considerable interaction between the ceramic scaffold and the metal oxide, leading to 
new, possibly insulative phases that are detrimental to the final performance of the 
SOFC. A newer, alternative technique avoids these issues by first creating a porous 
scaffold with the electrolyte material, sintering the cell, and subsequently infiltrating 
the cell with a metal salt solution to impregnate the cell with nanostructures. The 
porous scaffold is often created using the same tape casting method discussed above, 
and the method of adding metal oxide is appropriately called infiltration [10, 46, 50]. 
For nickel infiltration, nickel nitrate solution infiltrates the scaffold through capillary 
forces, and will decompose into metal oxides between 500⁰ and 800⁰C, which is lower 
than the sintering temperature of the precursor scaffold materials. Therefore, grain 
growth can be avoided and high-surface area nanoparticles can be deposited on the 
surface of the electrode scaffold without coarsening or development of insulative 
28 
phases [46, 52]. A general schematic of the infiltration method is as shown in Figure 
5. 
 Nanoparticles are formed on the surface of the scaffold, and do not coarsen at their 
formation temperature thus maximizing the possible surface area to act as triple phase 
Figure 5: Schematic of infiltration process of metal salt solution into porous scaffold. For the 
most coverage, the first step of dropping solution is repeated to include as much material as 
possible. Then, it may be fired to form metal oxide nanoparticles. The first two steps can be 
repeated until the desired metal loading is achieved. Image obtained from Ref [51]. 
Figure 6: Illustrated representation of continuous pathway of nanoparticles after 
infiltration. Metal oxide nanoparticles (small gray particles) cover the porous scaffold 
material made of the same ceramic as the electrolyte (in yellow), forming a percolation path 
for electronic conduction and a high surface area for catalyzation of fuel gases. 
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boundaries. When the scaffold is well infiltrated, there is the continuous nanoparticle 
path, as illustrated in Figure 6.  
Infiltration of electrodes can produce samples that have up to eight times the density 
of triple phase boundaries as conventionally produced electrodes, effectively using 
much less metal while achieving similar activities. In scaffold materials that are 
mixed electronically and ionically conductive in which the nickel is incorporated as 
the catalyst for fuel conversion, a percolation path is not even completely necessary; 
in that case, only triple phase boundaries need to be maximized, and reduced amount 
of metal salt solution is necessary [53]. 
 
1.6. Thesis Concept 
The focus of this thesis is to fabricate LSGM anode films using tape casting of a water 
based-slurry and infiltration methods for the most mechanically stable variation 
possible. Different pore forming materials were investigated for their potential 
inclusion in anodes and for their effect on the final microstructure of LSGM films. 
Tape casting then occurred to create porous scaffolds that were later infiltrated with 
nickel nitrate to obtain a final Ni/LSGM composite anode for use in SOFCs. 
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2. Experimental Procedures and Techniques 
 
2.1. Fabrication of LSGM Disks 
2.1.1. Materials 
Anode coin cells were fabricated with a water-based slurry composition. Deionized 
water was used as the solvent. La0.8Sr0.2Ga0.8Mg0.20O3-x powder with a surface area of 
5.1 m2/g (fuelcellmaterials, Nexceris, LLC) was used as received as the active 
ceramic material in the anode, the same material used as electrolyte in other studies. 
Several organic materials were included to act as binder, plasticizer, and dispersant. 
Poly(vinyl alcohol), or PVA, was used as received as binder for the slurry (Sigma 
Aldrich, Mw = 67,000 g/mol). Poly(ethylene glycol), or PEG (Distribuzione Prodotti 
Chimici S.p.A., Mw = 400 g/mol) and glycerol (Sigma Aldrich, solution 86-89% in 
water) were used as plasticizers for the anode slurry. Poly(acrylic acid), or PAA 
(Sigma Aldrich) was used as the dispersant to maintain homogenous distribution of 
LSGM particles within the slurry. In the development of an effective but 
environmentally friendly slurry, some samples included propanol (Sigma Aldrich, 
solution 99% in water) and Triton X-100.  
Three different pore formers were used to test their efficacy in the final porous 
scaffold. Corn starch (food grade material) was used initially. N330 carbon black 
powder was the second pore former used to determine what created optimum porosity 
and microstructure. The third pore former tested was a sample of graphite flakes 
(Inoxia). Various weight percentages of the pore former were used achieve similar 
volume percentage loadings of 30-35 volume percentages.  The slurry was constantly 
agitated by a magnetic stir bar set between 300 and 400 rotations per minute, thus 
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ensuring homogeneity of the sample throughout all agitation steps and before tape 
casting of the slurry. 
 
2.1.2. Tape casting 
Tape casting was performed using a K-101 Control Coater (Urai S.p.A.) with a 
micrometer screw blade set to a movement speed of 4 centimeters per second onto a 
Mylar sheet. For every initial layer, the blade was set to a height of 500 microns and 
dried at 30⁰C for about 15-30 minutes or until the surface of the tape cast was no 
longer shiny, whichever came first. Each subsequent deposition occurred in 200 
micron increments, with the same criterion for drying in between each step. This 
process was continued until no more slurry material remained. The resulting tape 
casts were allowed to dry overnight to ensure that excess water would evaporate; 
however, it was impossible to control the humidity of the air during the drying 
process, so the drying rate was variable. 1.6-centimeter diameter coin cells were then 
stamped out for sintering and later study. 
 
2.1.3. Sintering 
Sintering must occur for the powdered ceramic constituents to coalesce into a solid 
scaffold without melting for use as an electrode. During sintering, all non-ceramic 
materials will decompose and disappear, leaving behind only the ceramic particles for 
the final anode. Sintering temperature, time, and ramp rate can have a significant 
effect on the final microstructure of an SOFC layer; longer sintering at higher 
temperature tends to lead to densification of the particles, making that ideal for use in 
electrolyte sintering. Anodes, on the other hand, must maintain porosity while still 
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ensuring sufficient mechanical integrity. Lower temperature and shorter times achieve 
more porous structures. However, if ramp rates are not tailored to material, there is 
the possibility of introduction of excessive stress in the disk, leading to mechanical 
issues in later use. Sintering was modified to accommodate existing technology at 
Politecnico di Milano, which could customize up to eight steps. All cells were 
sintered in Elite Thermal Systems Limited laboratory oven model BRF16/5. The 
various ramp rates and heat times are as shown in Figure 7 below, and were 
developed from theoretical considerations and the literature.  
The ramp rates for sintering were kept low to avoid introducing stress into the disk 
caused by decomposition of organic constituents and shrinkage in the disk. The first 
sintering step of ramping the temperature to 230⁰C and holding for 3 hours eliminates 
all water present from the tape cast of the disk while minimizing the risk of warpage. 
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The reduced ramp rate of 1.0⁰C/min up to 425⁰C and held for 5 hours eliminates all of 
the organic constituents, followed by a slow 1.0⁰C/min ramp to allow for the disk to 
adjust to and fill in the loss of volume, avoiding stress and warpage, without allowing 
for excessive coalescence of ceramic particles. At 625⁰C, the ramp rate is increased 
slightly up to the final sintering temperature of the disk at 1200⁰C, which is held for 3 
hours. At this point, LSGM particles are sufficiently well connected without 
densification. The sample is then allowed to cool at 5⁰C/min to room temperature. 
 
2.1.4. Infiltration and Calcination 
Infiltration of nickel nitrate solution was performed after cells had been successfully 
sintered and showed no signs of compromised mechanical integrity. 
Ni(NO3)2●6(H2O) was used as received from Sigma Aldrich, with a purity greater 
than 98.5%. Molar solutions were prepared by dissolving the necessary amount of 
nickel nitrate crystals in deionized water to achieve the desired molarity; 1M, 2M, and 
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3M solutions were all tested for use as infiltrate. A flowchart representing infiltration 
steps is as shown in Figure 8.  
The disks samples were then infiltrated with nickel by pipetting one to three drops of 
the solution onto the disk; the number of drops was determined based on the 
absorption efficiency of the disk. Between pipetting the solutions, the disks were 
placed for 30 minutes in an oven at 80⁰C to evaporate excess water before continuing 
the procedure. Nickel nitrate solution was added to disks in air using this iterative 
process until the disk would not absorb the liquid for at least a full minute, at which 
point it was determined to be saturated. For intact disks, after infiltrating with the 
solution, the samples were heated to 700⁰C at 2⁰C/min to denitrify the samples, 
leaving NiO as the nickel species present in the disks.  
 
 
Figure 8: Flowchart illustrating infiltration steps for 
sintered disks. 
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2.2. Characterization 
2.2.1. SEM  
Scanning electron microscopy (SEM) was used to capture high magnification images 
of anode disk samples. A collimated beam of electrons hits the sample, resulting in 
secondary and backscattered electrons; these create normal and backscatter images, 
respectively. The beam must be incident on a conductive sample; if the sample is not 
conductive, it is covered in an extremely thin layer of conductive metal. Samples were 
sputtered with gold to create a conductive layer for electron imaging. SEM was 
performed using a Zeiss EVO 50 EP-SEM (Carl Zeiss, Oberkochen, Germany) with 
beam current of 300 microamperes and voltages ranging from 15 to 20 kV; working 
conditions are as specified in each given image. Secondary electrons inelastically 
interact with the valence electrons of sample, return to the detector, and provide 
information regarding the 3D topology of the sample. They provide normal SEM 
imaging. The presence and distribution of different elemental components can be 
demonstrated using backscatter imaging. Backscattered electrons occur from elastic 
interaction of initial electrons with the nuclei of atoms in the sample, and contain 
information about the element with which it interacted. The brightness of an area in a 
backscatter image inversely corresponds to atomic weight; heavier elements appear 
quite bright (higher scatter), while lighter elements are darker in color. An example of 
a regular SEM image and a backscatter image is shown in Figure 9.  
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2.2.2. Rheology 
Viscosity and strain data points were collected using the Reologica Instruments 
RheoExplorer 5.0 program. Rheological measurements were performed using a 
Stresstech parallel plate rheometer with a gap size set to 200 microns, which is 
equivalent to the tape cast increments after initial deposition of 500 microns. To 
verify that the gap size was not a significant factor in viscosity data, gap sizes were 
tested for 500 microns as well as 200 microns; the results are as shown in Figure 10. 
Gap sizes of 150 and 200 reduced the required amount of slurry for a given test. 
Figure 9: On the left, a normal SEM image obtained from secondary 
electrons after interaction of initial collimated beam with green anode tape 
containing graphite as pore former. On the right, the corresponding 
backscatter image of the same green tape. 
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To test the effect of temperature on viscosity, 40 wt% solid-loaded slurry was tested 
from 5⁰C in 5⁰ increments up to 20⁰C. Samples were tested multiple times in an effort 
to capture any changes in rheology that stem from multiple runs. For this testing, a 
gap size of 200 microns was used.  
Additionally, rheological testing was performed on slurries of different solid loading 
at the same temperature in order to identify the influence of the amount of powder, 
binder, plasticizer and dispersant on the viscous behavior of slurry. All slurries were 
tested at 20⁰C. Because the difference in viscosity of gap sizes 500 and 200 microns 
was so low, the gap size was further lowered to 150 microns to conserve material. 
 
 
Figure 10: Viscosity measurements of slurry with gap sizes of 500 microns and 200 microns. As 
the graph shows, the differences in viscosity are nominal, and therefore a gap size of 200 microns 
was used to conserve material. 
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2.2.3. Thermogravimetric Analysis  
Thermogravimetric analysis measures the weight of a sample while it is heated at a 
constant ramp rate up to a preset temperature. It helps to characterize a material and 
identify temperatures at which reactions occur. Often, differential thermal analysis is 
performed simultaneously in the same machine and monitors the temperature 
difference of the sample compared to an inert reference. The difference in temperature 
indicates the exothermic or endothermic nature of reactions in the sample, providing 
information similar to differential scanning calorimetry.  
Thermogravimetric analysis and differential thermal analysis were performed on dried 
green disks of LSGM slurry, as well as on PEG400 and glycerol using Exstar 6000 
Series Instruments (Seiko Instruments). All samples were tested in air. A green disk 
of dried LSGM slurry was ramped at 1⁰C per minute from 30⁰ to 1000⁰C; the initial 
sample weight was 17.169 mg. At 1000⁰C, all organic constituents would be 
completely decomposed, and will show only the weight of LSGM remaining. The 
glycerol sample weighing 71.521 mg was tested using a ramp rate of 7⁰C/min up to 
300⁰C, while PEG400, which weighed 17.680 mg, was tested using 5⁰C/min as a 
ramp rate up to 450⁰C.  
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3. Results and Discussion 
 
3.1. Development of Water-Based Slurry 
In most tape casting methods, organic solvents have been used because of their fast 
evaporation time, cutting down on the total fabrication time for green anode films. 
Using these solvents, though, increases the environmental burden from production of 
SOFCs. Developing an aqueous slurry for anode manufacture would be ideal, as water 
in non-flammable, cheap, readily available, and environmentally friendly. Using 
water as the solvent limits the use of certain binders, plasticizers, and dispersants in 
the slurry and requires further development to make an acceptably homogeneous 
slurry. In this thesis, PVA, glycerol, and PEG400 were used as binder and plasticizers, 
respectively. These compounds have been successfully used in other research with 
water-based slurries, and were determined to be ideal for testing these green tapes 
[54-56].  
Triton X-100 has been used as a dispersant and surfactant in organic, aqueous, and 
oil-in-water systems [57-58]. Therefore, Triton X-100 was first tested as dispersant 
for the aqueous anode slurry studied in this thesis. The anode slurry was prepared per 
the composition found in Table 2. 
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Table 2: Composition of Triton X-100-containing slurry preparations. 
Material Mass (g) Portion of Total Mass (%) Portion of Solid Mass (%) 
LSGM 1.5000 30.93% 57.69% 
H2O 2.2500 46.39% N/A  
Starch 0.2500 5.15% 9.62% 
PVA 0.2500 5.15% 9.62% 
PEG 0.2500 5.15% 9.62% 
Glycerol 0.2500 5.15% 9.62% 
Triton 0.0500 1.03% 1.92% 
Propanol 0.0500 1.03% 1.92% 
 
Propanol was added to diminish the bubbling that occurred after the addition of Triton 
X-100, despite the initial goal of creating an aqueous slurry. While Triton X-100 
helped to disperse the ceramic particles, the slurry would often continue to bubble 
when agitated, regardless of the amount of propanol added. When the slurry was tape 
cast, there was excessive bubbling on the surface of the slip. Even after sintering, 
bubbles remained on the surface, as shown in Figure 11. Despite a few preparations 
having diminished bubbling, Triton X-100 was deemed unfeasible for this aqueous 
method due to unreliability and excessive bubble formation.  
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PAA was used as the next potential dispersant. There have been successes with PAA 
as dispersant in the past for making smooth, flexible, and strong tapes [59]. PAA was 
tested and included in slurry compositions with the amounts listed in Table 3. It was 
initially tested with starch in keeping with the previous compositions that used Triton 
X-100 and propanol. 
 
Table 3: Composition of poly(acrylic) acid-containing slurry. 
Material Mass (g) Portion of Total Mass (%) Portion of Solid Mass (%) 
LSGM 1.6 8.70% 47.06% 
H2O 15 81.52% N/A 
Starch 0.25 1.36% 7.35% 
PEG 0.5 2.72% 14.71% 
Glycerol 0.5 2.72% 14.71% 
PVA 0.5 2.72% 14.71% 
PAA 0.05 0.27% 1.47% 
 
Figure 11: Image showing sintered LSGM disks that 
included Triton X-100 in their preparation. The bubbles 
are visible on the surface of most disks causing cracking 
(as shown) and making them undesirable for further 
processing. 
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Additional water was added because the preparation took two days to prepare, so 6 
grams were added to the initial 9 grams used in the first day of preparation. All 
slurries were then made to evaporate water until 60 wt% remained. Only small 
amounts of PAA powder were required to achieve a slurry with the desired mixing. 
There was virtually no bubbling of the slurry prepared with PAA, and no other 
materials were required to otherwise prepare the aqueous slurry. PAA was thus 
determined to be the appropriate dispersant for use in slurry preparation. 
 
3.2. Microstructural Analysis of Pore Former 
Porosity in anodes is a determining factor in performance of the overall function of an 
SOFC. The morphology and decomposition temperature of the pore former can 
critically affect the mechanical integrity of disks. Much research has been done on the 
effects of different pore formers on the ultimate anode disk, with varying results. The 
most common pore formers are starches like potato, corn, or rice, polymer granules 
such as PMMA, and carbon products like graphite and microbeads [60-63]. For these 
experiments, Corn starch, activated carbon, and graphite were considered as potential 
pore formers for use in anode fabrication. The mass percentages of the pore former 
were calculated and tailored using densities of the pore formers to achieve volume 
percentages between 30 and 35%. The preparations of the three types of slurry are in 
Tables 4 & 5 below. 
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Table 4: Compositions of slurries containing corn starch and activated carbon as pore formers. 
All mass percentages were adjusted based on material density to achieve a volume percent 
loading between 30 and 35%. 
Material 
Starch Activated Carbon 
Mass (g) 
Portion 
of Total 
Mass 
(%) 
Portion 
of Solid 
Mass 
(%) 
Mass (g) 
Portion 
of Total 
Mass 
(%) 
Portion 
of Solid 
Mass 
(%) 
LSGM 1.6 8.70% 47.06% 1.6 8.72% 47.76% 
H2O 15 81.52% N/A 15 81.74% N/A 
PAA 0.05 0.27% 1.47% 0.05 0.27% 1.49% 
PVA 0.50 2.72% 14.71% 0.50 2.72% 14.93% 
PEG 0.50 2.72% 14.71% 0.50 2.72% 14.93% 
Glycerol 0.50 2.72% 14.71% 0.50 2.72% 14.93% 
Pore 
Former 
0.25 1.36% 7.35% 0.20 1.09% 5.97% 
 
Table 5: Composition of slurries containing graphite as pore former. All mass percentages were 
adjusted based on material density to achieve a volume percent loading between 30 and 35%. 
Material 
Graphite 
Mass (g) 
Portion 
of Total 
Mass 
(%) 
Portion 
of Solid 
Mass 
(%) 
LSGM 1.6 13.01% 48.48% 
H2O 9 73.17% N/A 
PAA 0.05 0.41% 1.52% 
PVA 0.50 4.07% 15.15% 
PEG 0.50 4.07% 15.15% 
Glycerol 0.50 4.07% 15.15% 
Pore 
Former 
0.15 1.22% 4.55% 
 
The original compositions contained six grams of water for the first day of 
preparation. The first day ensured thorough mixing of all organic additives before the 
active ceramic was added to ensure complete homogeneity of the polymers. On the 
second day of mixing, water was added to ensure complete mixture of LSGM powder 
into the slurry bulk. Although all of the compositions presented in Tables 3 & 4 have 
under 30% solid loading, the samples were allowed to evaporate while mixing to 
achieve 40% solid loading.  
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Starch was used as the pore former and studied for its efficacy in forming pores. As 
shown in Figure 12, the starch particles are spherical and oblong in shape. Spherical 
particles provide isotropic pore shapes, preventing concentration of stress that can 
prove detrimental to the mechanical integrity of the disk. The oblong particles, 
though, can serve to concentrate some of that stress, thus making the morphology of 
particles moderately appealing. The particles prove to quite large. This is desirable for 
the easy penetration of fuel gases and diffusion of product species out of the bulk; 
however, many large pores can diminish the potential for high surface area of TPBs. 
Also, because the starch forms dense particles of defined shape [49], milling of the 
pore former powder may not readily achieve smaller particles for higher surface area 
and better distribution. 
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Rather critically, corn starch has a very low decomposition temperature. With a glass 
transition temperature near 75⁰C and decomposition temperatures in the range of 250⁰ 
and 300⁰C [64-65], the starch forms pores at temperatures close to and even below the 
decomposition temperatures of the other constituents. Sintering temperatures are high 
enough to cause the closure of some pores formed, thus limiting access to potential 
active boundary [60]. Additionally, due to the low glassy transition temperature, 
Figure 12: (a) SEM image of corn starch particles used as pore former 
in initial anode disks fabricated. Image was taken at 300X 
magnification. (b) Graph of particle size distribution of corn starch 
used as pore former. Particle sizes were determined using ImageJ 
processing of SEM images. 
a) 
b) 
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starch softens and allows surrounding ceramic particles to increase their packing 
density. Pores are thus smaller than the size of the initial pore former [63]. The 
closure of pores and continued change in grains in the anode cell leads to shrinkage of 
the anode material and coarsening of the microstructure. As shown in Figure 13, there 
is only evidence of inhomogenously scattered pores, where any homogeneity of the 
distribution would have been diminished by the closure of pores formed by the 
smaller precursor particles shown in Figure 12. 
Coarsening in the microstructure of the anode reduces the amount of potential active 
area. Because the LSGM particles are larger, there would be less available surface on 
which nickel salt infiltrate could deposit to later form NiO. This lowers the 
effectiveness of the cell, as the triple phase boundary in these cells would not be as 
great as in a cell with nano-sized grains. Shown in Figure 14, the grains of those disks 
Figure 13: SEM Image of LSGM anode disk created using starch pore 
former. Image was taken at 1300X magnification. 
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formulated with starch particles are large and dense after sintering, lowering the 
potential active surface area. The bulk of the disk appears considerably dense as well. 
This hinders the permeation of fuel gas within the anode and diminishes the 
performance of the final cell. 
The disks produced using slurry containing starch also had considerable warpage. As 
shown in Figure 15, disks were curled at the edges or wrinkly.  This extensive 
warpage results from the stress introduced from the extreme shrinkage that occurs as 
all organics suddenly decompose and from later temperature ramping to the final 
sintering temperature. This is extremely detrimental to the durability of the cell and 
makes good adhesion of subsequent layers (such as electrolyte and cathode) virtually 
impossible [63]. While top pressure would help diminish warping during sintering, 
the chance of adhesion to the plate makes starch undesirable. 
Figure 14: SEM image of anode disk using starch pore former. Image 
was taken at 5000X magnification. 
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Activated carbon was also considered as a pore former. Activated carbon is an 
attractive potential pore former because carbon does not disappear at temperatures as 
low as organic materials, and instead begins to oxidize at temperatures closer to 
700⁰C [65]. Therefore, LSGM particles should not agglomerate and coarsen to the 
extent that they would when starch or other organic pore formers are used, and 
shrinkage should be minimized because of greater time for the disk to compensate for 
disappearing material and less time to coarsen when only with itself. In this thesis, 
activated carbon provided by Cabot Corporation U.S.A. was considered as pore 
former for use in anode fabrication. As shown in Figure 16, the activated carbon 
particles are very small, in a range of 100 to 200 nanometers. The particles 
agglomerate extensively in the pore former. However, even the largest agglomerates 
are small, staying in the 400 to 500 nm range. Despite the high decomposition  
Figure 15: Image of three sintered disks originally containing starch that underwent extreme 
warpage. The warpage rendered the disks completely unusable. 
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temperature of activated carbon, the nanoparticulate size of the particles and their 
agglomerates continue to lead to the closure of many pores, leading to densification of 
the disk and isolation of active areas from gases. As seen in Figure 17, there are very 
few pores visible at 1000X magnification; permeation of fuel gas and diffusion of 
water product would be difficult in this disk.  
Figure 16: SEM image of activated carbon powder. Image was taken at 
15,000X magnification. 
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This disk is visibly too dense for practical use. Although the grains are desirably small 
(unlike in the disks created using starch), as shown in Figure 18, nor is there excessive 
warpage in the final sintered cell as for the disk using starch pore former, the lack of 
Figure 17: SEM image of disks created using activated carbon as pore 
former. Image was taken at 1000X magnification. 
Figure 18: SEM image of the cross-section of disk created using 
activated carbon as pore former. Image was taken at 5000X 
magnification. 
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pores and overall density of the disks prevents their consideration as practical anodes 
for SOFCs.  
Graphite was considered as pore former as well. As mentioned, because of the higher 
decomposition temperature of carbon, these pore formers are more likely to create a 
mechanically stable cell. Graphite flakes were obtained from Inoxia, and were as 
shown in Figure 19. The size of the flakes is extremely varied, with few very large 
flakes and many smaller ones. The thickness of the flakes is also varied within the 
sample; some flakes show numerous sheets in their depth, indicating some thickness 
to the pores that develop. Others, though, have extremely high aspect ratios and show 
little depth.  
Disks created using graphite as pore former had promising results. As seen in Figure 
20, the pores are visibly distributed throughout the bulk of the disk. The pores are  
Figure 19: SEM image of graphite flakes as received from Inoxia. The 
image was taken at 300X magnification. 
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large and well-spread. They are nonisotropic, with long and thin pores oriented in the 
longitudinal direction; this is due to the direction of the tape casting, as the doctor 
blade oriented the flakes parallel to the surface from the shear force on the 
suspension. The grain size is extremely similar to that of the disks sintered using 
activated carbon pore former, and are desirably small. The LSGM particles did not get 
an opportunity to coalesce and coarsen, creating a disk with a high amount of 
Figure 20: (a) SEM image of sintered disk that used graphite flakes as 
pore former showing distribution of pores in the disk bulk. Image taken 
at 300X magnification. (b) SEM image examining microstructure of 
sintered disk using graphite flakes as pore former. Image taken at 
5000X magnification. 
a) 
b) 
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potential active surface area. There was virtually no visible warpage of the cell, just 
like with the activated carbon-containing disks, making these desirable for further 
fabrication steps. Some evidence exists suggesting that the orientation of nonisotropic 
pores perpendicular to the direction of gas flow increases tortuosity of the gas thus 
diminishing performance [62], but for the purposes of this thesis the disk possessed 
the desired porosity and flatness for further study. 
 
3.3. Viscosity Measurements Based on Temperature 
Temperature dependence of viscosity was tested in order to determine whether a 
lower fabrication temperature would be beneficial in creating disks with a certain 
desired thickness. It is postulated that a higher viscosity would lead to thicker green 
tapes cast, as the slurry would be less prone to spread on the Mylar sheet. A 40 wt% 
solid loaded slurry was tested, starting from 5⁰C, in 5⁰ increments up to 20⁰C.  
Figure 21 shows the viscosities of the slurry at different temperatures. The initially 
erratic behavior of the sample tested at 20⁰C is likely due to an incorrect assumption 
of no slip conditions at the walls by the rheometer. At low stresses, suspensions often 
exhibit solid-like mechanical behavior due to aggregation or non-homogeneity of 
particles in the suspension [66]. It requires time for the slurry to equilibrate to give 
true results. Regardless, it is obvious that effect of temperature on viscosity was not 
very substantial. The largest difference in viscosity within the first runs was about 
18%; however, this was due almost exclusively to the change in viscosity of water at 
those temperatures. Table 6 shows the values used to calculate the percent difference 
in viscosity. The values for liquid water were obtained from Ref. [67]. 
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Table 6: Table showing viscosity values and percent difference of slurry and liquid water. Slurry 
viscosity values were chosen at the shear rate corresponding to experimental tape casting (4 cm/s 
with blade height of 200 microns). Liquid water values were obtained from reference [67]. 
Temperature Slurry Viscosity (Pa*s) Liquid Water (Pa*s)   
5⁰C 0.384 0.001519 
20⁰C 0.267 0.001002 
Percent Difference 17.97% 20.51% 
 
The effect of temperature on the slurry was even lower than for pure liquid water. The 
solids present in the suspension acted as heat absorbers, thus preventing the water 
molecules from experiencing the full impact of the temperature change. Therefore, the 
change in viscosity was not as dramatic in the slurry as it would be even for pure 
water. Because the changes are rather small and potential cost may be high, it does 
Figure 21: Viscosity measurements of the first runs at various temperatures. The erratic 
first few points in the 20⁰C measurements is very likely due to slip at the walls from 
inhomogeneities within the slurry. 
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not appear to be beneficial to include a temperature modulator when fabricating anode 
tapes.  
Lack of sample prevented the repeated testing of slurry at 5⁰C, but the other samples 
were tested multiple times to measure any effects on the slurry when tested more than 
once. As Figures 21 and 22 show, there were some differences in the data between the 
first and second runs, but the differences between the 2nd and 3rd runs were 
insubstantial and not worth discussing.  
3.4. Viscosity Measurements Based on Solid Loading 
After tape casting, evaporation of water can be crucial in determining the overall 
mechanical integrity of a disk. If water does not evaporate at a steady rate, or gets 
trapped within the disk because solid constituents prevent diffusion to the surface, the 
Figure 22: Viscosity data points of slurries from their second run. All samples are the same 
as listed for the 1st runs, with the exception of the 5⁰C sample which was tested only once. 
56 
strength of the disk can be lowered due to the formation of bubbles and irregularities 
that concentrate stress. Creating a slurry that is sufficiently flowable to create a 
uniform tape but has a low enough water content to minimize the amount of water 
that must diffuse and evaporate will be important in the mass production of SOFC 
anodes. To test the change in viscosity of slurry as a function of solid loading, slurries 
with various compositions were created using the same method described above and 
tested with the rheometer using a gap size of 150 microns. As Figure 23 shows, some 
compositions show similar rheological behavior, suggesting that there are thresholds 
of solid content concentrations that cause the slurry to become substantially more 
viscous.  
Figure 23: Viscosity data for slurries with diferent solid loadings. The numbers in the legend 
refer to weight percentage of water in the slurry. 
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Decreasing water content from 60 wt% to 50 wt% significantly affected viscosity, 
with a percent difference of over 37%. However, the same fractional decrease in 
water content from 50 wt% to 40 wt% only showed a 0.4% difference. Qualitatively, 
at lower concentrations the slurry became tacky, making it impractical for 
homogeneous casting purposes. Decreasing the water content from 60 wt% causes the 
slurry to thicken, as expected, but could be beneficial in creating anode support cells 
of desired thickness and homogeneity while minimizing the amount of water that 
must evaporate for the tape to dry and the number of layers deposited. The slurry does 
not thicken any more from 50% to 40% water by weight, and thus can reduce overall 
material involved and dry time without changing the final composition of the tape. 
However, more work needs to be done in understanding the microstructural effects of 
the change in water percentage, as rheological data may not capture particle 
agglomeration or instances of imperfection in the final tape.  
 
3.5. Thermal Analysis of LSGM with Graphite as Pore Former 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the 
tape cast sample reveal the regimes in which the additives disappear. During sintering, 
the rate of decomposition of slurry constituents can determine the final mechanical 
properties of a sintered disk. If constituents are heated very fast, decomposition of the 
organic products can warp and crack the cell as they decompose at a rate too quickly 
for the disk to accommodate, making it unusable for further cell development. 
Identifying temperatures at which the non-ceramic constituents disappear leads to 
tailoring of the sintering process, thus preventing the introduction of excessive stress 
into the cell while minimizing the fabrication time required for anode production. For 
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this thesis, green disks with graphite as pore former underwent TGA/DTA to capture 
the disappearance of excess water and organic additives before a pure LSGM disk is 
obtained. The derivative of the TGA curve reveals the temperatures at which weight 
losses occur, allowing for optimization of the sintering step. DTA curves helped to 
confirm major regimes of weight loss. The graph in Figure 24 shows the TGA curve 
and the derivative of that curve obtained for a green disk of LSGM in air, as well as 
close up views of the most prominent weight loss regimes.  
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Figure 24: (a) Thermal analysis graph for dried green LSGM slurry (initial sample weight 
17.169 mg). The blue curve represents TGA data and corresponds to the left axis. The gray 
curve represents the derivative of TGA data. It corresponds to the right axis; (b) Subsection 
of peak at 1 denoted in (a); (c) Subsection of peak at 2 denoted in (a); (d) Subsection of both 
peaks at 3 denoted in (a); (e) Subsection of 4 denoted in (a); (f) Subsection of 5 denoted in 
(a). All axes in (b), (c), (d), (e), (f) were adjusted to best present data. Blue curves still 
correspond to the left axis, gray curves correspond to the right. 
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As can be seen in Figure 24, there are five major periods of weight loss in the LSGM 
sample. Each corresponds to the decomposition or disappearance of different 
additives in the slurry preparation of the disk, and provide insight into the 
optimization of sintering temperatures. To best understand which additives disappear 
at which temperature, TGA/DTA was also performed on glycerol and PEG400 
samples weighing 71.521 mg and 17.680 mg, respectively. Their curves are shown in 
Figure 25.   
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Other research shows the decomposition temperatures of PAA and PVA, both of 
which are included as organic additives in the slurry. Figure 26 shows previous work 
done to identify the decomposition behavior of PAA and PVA. Graphite oxidizes at 
higher temperatures than the organic binder, plasticizers, and dispersant. According to 
Figure 25: (Top graph) TGA curve of glycerol tested at a ramp rate of 7⁰C/minute. (Bottom 
graph) TGA curve of PEG400 tested at a ramp rate of 5⁰C/min. In both charts, blue and 
gray curves correspond to the left axis; the gray LSGM curve is included for comparison.. 
The orange curves are the derivative graphs of the TGA curve of respective materials, and 
are graphed according to the right axis.  
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Inoxia’s Materials Safety Data Sheet, graphite oxidizes in the presence of oxygen at 
temperatures near 800⁰C [70]. However, research has shown that graphite flakes used 
in nuclear applications will begin to oxidize at temperatures above 600⁰C, which 
agrees with the TG data presented in Figure 24 [71]. Using the data for decomposition 
Figure 26: (Top graph) TGA and DTGA curves of two kinds of PAA polymers. The data was 
obtained from Ref. [68]. The PAA Aldrich material (Mw=250,000 g/mol; solid line) was 
tested at received, while the laboratory material (dashed line) was polymerised from acrylic 
acid and purified. The samples were tested at a ramp rate of 10⁰C/min in nitrogen 
atmosphere.  
(Bottom graph) TGA and DTGA curves of PVA (Mw= 72,000 g/mol) obtained from Ref. 
[69]. The test was performed at a ramp rate of 15⁰C/min in nitrogen. The axis presenting the 
Gram-Schmidt data is not included; this curveshould be ignored. 
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of individual materials, each peak in the thermal analysis of dried green LSGM slurry 
can be attributed to the decomposition of specific components. To best interpret these 
results, it is worth looking at the composition of the LSGM slurry to determine when 
each constituent disappears. The composition of the slurry is shown in Table 7. 
 
Table 7: Composition of dried green LSGM slurry. The final column is included to better 
represent the mass percent change when residual water is present from the dried slurry sitting in 
variable humidities. 
Material 
Mass 
Added (g) 
Weight 
Percent (%) 
Weight Percent Assuming 
5 wt% H2O (%) 
LSGM 1.6 48.48 46.18 
PAA 0.05 1.52 1.44 
PVA 0.5 15.15 14.43 
PEG 0.5 15.15 14.43 
Glycerol 0.5 15.15 14.43 
Graphite 0.15 4.55 4.33 
 
 
Shown in the thermal analysis of glycerol in the top graph of Figure 25, there are two 
very close peaks of decomposition. It initiates at about 255⁰C, with a second peak that 
speeds decomposition near 273⁰C; it indicates that in isothermal decomposition, 
glycerol would disappear at about 260⁰C. In the second graph, PEG400 demonstrated 
three separate regimes of decomposition. The first stage initiated at 66⁰C, causing 
nearly 40% of the mass of decompose before slowing. The second, less significant 
decomposition initiated near 140⁰C, further decomposing 15.5 wt% of the PEG400 
present. The final stage caused the decomposition of the nearly 50 wt% remaining of 
the sample, and initiated at 217⁰C; remaining sample quickly decomposed and left 
only a negligible amount of sample. 
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As shown in the top graph of Figure 26, PAA appears to have two stages of 
decomposition, as indicated by the derivative curves of the thermal analysis. The 
initial decomposition onsets at about 290⁰C to 300⁰C, leading to significant mass loss 
of the sample. The second major decomposition occurs at around 420⁰C, further 
diminishing the amount of PAA that remains. These findings by McNeill et. Al. are 
confirmed by Cardenas et. Al., who showed that high molecular weight PAA has two 
regimes of decomposition. The first decomposition temperature was found to be 
293⁰C; the second occurred at 412⁰C [68, 72]. The bottom graph of PVA shows a very 
clear major decomposition that occurs at 285⁰C, initiated the disappearance of 80% 
mass of the sample. The second regime occurring at 455⁰C gets rid of most of the 
remaining 20 wt% of PVA in the sample, leaving only negligible residue [69]. 
Each of the peaks in the TGA curve for LSGM are from the decomposition of the 
slurry components. The first weight loss, shown in Figure 24(b), corresponds to loss 
of some of the water still present in the sample, as well as some of the PEG400. With 
a mass loss of about 6% in the first regime, a lot of the water has diffused out of the 
disk, and some of the PEG400 is lost. However, some water has not boiled off, and 
PEG400 is the only constituent that has begun decomposition in the disk. While some 
of the gas products will have escaped, causing some of the indicated loss, some would 
remain trapped in the sample. The second regime is due to complete water and 
PEG400 loss, as well as the very beginning of glycerol decomposition. As can be 
noted in the top graph of Figure 25, glycerol was losing nearly 3 wt% per minute at 
200⁰C at a ramp rate seven times that of the LSGM sample. Slower ramp rates shift 
TGA curves left, as greater weight loss is achieved at lower temperatures. Thus, 
PEG400 is completely decomposed at temperatures lower than the 217⁰C indicated by 
the 5⁰C/min ramp analysis. The third regime shows two very close neighbor peaks, 
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and transitions from the second regime without mass loss stopping fully. This is the 
major weight loss regime. At this point, the sample has lost over 20% of its total 
mass, due to complete loss of water and PEG400. Glycerol and PVA decompose 
quickly in the third regime, with major mass loss at temperatures between 220⁰C and 
260⁰C. The same shift to the left of decomposition temperatures can explain the PVA 
loss; the LSGM was tested at a heating rate ten times smaller than that in Ref. [69]. 
Mass loss slows but does not stop at 260⁰C, as the sample loses 20 μg/min. The PAA 
has begun to decompose as well, and should have eliminated at least half of its 
weight. The gases that result from the decomposition of all of the constituents diffuse 
out of the sample bulk, and PAA degrades further until a negligible residue remains. 
Mass loss virtually stops at 400⁰C, leaving less than 53% of the initial sample by 
weight. 
In the final mass loss regime, the last component still remaining from the slurry 
preparation is the graphite. Graphite flakes are still distributed in the bulk of the 
sample, and begin to oxidize at 600⁰C. The graphite continues to slowly oxidize in the 
presence of oxygen, which is required in the reaction. It is a slow, steady process that 
takes over an hour to fully occur. At about 685⁰C, there is no more graphite left to 
oxidize, and only LSGM remains. At this point 47.5% of the initial sample mass 
remains, indicating that the LSGM, which is theoretically about 46.2% of the total 
mass, remains.  
The thermal analysis verified the sintering method, which is presented in Figure 7, 
used in this thesis. All of the heating rates are within 0.5⁰C of the tested heating rate, 
suggesting that decomposition should closely follow that presented in Figure 24(a). 
The first isothermal hold at 230⁰C leads to full decomposition of PEG400, 
evaporation of water, and initiates the decomposition of glycerol. By maintaining that 
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temperature for 3 hours, the glycerol can slowly but extensively decompose, allowing 
time for the sample to compensate for the loss of materials without introducing 
microscopic stresses. The second hold at 425⁰C for five hours fully guarantees the 
complete degradation of all organic additives, as PVA and PAA both decompose fully 
at temperatures below that. Holding at this temperature allows for microstructural 
rearrangement of grains to compensate for the loss in volume, thus minimizing 
warpage of the cell. The slow ramp up to 625⁰C initiates the oxidation of graphite, 
which would begin around that temperature. At that point, a slight increase in heating 
rate reduces the total sintering time without affecting the stress in the disk, while 
graphite decomposition occurs at a steady rate for about an hour. After the graphite 
has fully oxidized, the LSGM particles continue to coalesce into the final porous 
nanoparticulate scaffold desired for the final anode. Although an isothermal hold at 
625⁰C or 650⁰C could be considered for anode fabrication, the sintering method was 
ideal for an oven with a limited number of programmable steps.  
 
3.6 Infiltration of Samples 
In lieu of fabricating anodes with nickel already incorporated directly into the slurry, 
the drawbacks of which were discussed previously, 1M nickel nitrate was infiltrated 
into the scaffold after sintering. Two different thicknesses were used to compare the 
ability of the solution to fully infiltrate to the bottom of the disk. The thinner disks, 
referred to as P1 and P2, were as shown in Figure 27 with thicknesses of 230 and 215 
microns, respectively. P1 was infiltrated to contain about 9.06 wt% of nickel.  
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The thicker samples were obtained from a tape cast that used about three times the 
total material used for the thinner film to achieve the desired thickness. These disks, 
referred to as T1 and T2, had thicknesses of 543 and 534 μm, respectively, as shown 
in Figure 28. T2 was infiltrated until it contained over 11.5 wt% of nickel. SEM 
backscatter detector was used to verify the presence of nickel nitrate over the LSGM 
particles; dark areas represent particles with relatively low atomic weight, or nickel 
nitrate, while bright areas correspond to the opposite. It is shown in the SEM images 
Figure 27: (a) Cross section of disk P1 infiltrated with nickel, with a thickness of 230 μm.        
(b) Cross section of disk P2 (pure LSGM), with a thickness of 215 μm. 
a) b) 
a) b) 
Figure 28: (a) Cross section of disk T1 (pure LSGM), with a thickness 543 μm. (b) Cross 
section of disk T2 infiltrated with nickel, with a thickness of 534 μm 
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of the infiltrated samples that the nickel nitrate solution is well spread within the 
scaffold and produces sufficient coating of LSGM particles. A comparison of non-
infiltrated and infiltrated samples, as shown in Figure 29, reveals the visual difference 
in apparent density of the samples. It is easily seen that the nickel nitrate solution 
effectively fills the pores that are visible in the pure LSGM samples. 
It is obvious that nickel nitrate is shown by the discoloration around the bright  
particles in Figure 29(a) and (c) effectively coats the LSGM particles. LSGM is not 
electronically conductive, and therefore requires complete percolation of a nickel 
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network to carry charge to the charge collectors. Given the ease of this technique, by 
using just gravity and capillary forces due to already present microscopic channels to 
fully infiltrate the disk, it is promising as a method to prepare conductive anodes 
economically.  
Figure 29: 2000X magnification of the middle of the cross section of disks in Figures 27 and 
28. (a) P1 (infiltrated)  (b) P2 (c) T2 (infiltrated) and (d) T1  
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However, controlling the overall distribution of nickel nitrate within the samples is 
very difficult, and leads to inhomogeneity of distribution of particles within the disk. 
When larger pores are present, nickel nitrate can collect and create huge particles 
within the bulk that can block pores even after calcination, and thus lower ionic 
conductivity of the electrode. As shown in Figure 30, both samples contained pockets 
of large amounts of nickel nitrate. This may not be a disadvantage though. After 
calcination of the disk, the NiO particles would remain as nanoparticles, leading to 
very high surface areas. In large pores containing considerable nickel nitrate, there 
will remain very active branches of nickel oxide particles that will have very high 
activity towards hydrogen oxidation.  
To achieve high nickel loading, three solutions of varying nickel molarity were tested. 
Cutting down on fabrication time reduces cost of manufacture, so it would be 
advantageous to increase the nickel content of the solution to achieve higher loadings 
a) b) 
Figure 30: 3000X magnification of (a) P1 and (b) T2. Large pores filled with nickel nitrate 
are present in both samples, and show significant blockage of some channels in the scaffold.  
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in a shorter period. 1M, 2M, and 3M solutions were all used to infiltrate three 
different thick disks, using the same method as described in the infiltration section of 
Experimental Materials and Procedures. However, the results indicated that 1M 
solution was best for infiltration. 3M solution lead to a much greater brittleness of the 
cell; after 4 cycles, a circular cracked formed in the disk, with radial cracks stretching 
outward towards the edge. This disk was rendered unusable by this infiltration. The 
2M solution was more promising; it was not until the 6th cycle that visible cracks 
began to form in the disk, rendering that unusable. Only the 1M solution did not lead 
to fracture of the cell. After six cycles, testing was stopped as only the 1M solution of 
nickel nitrate could be repeated and had been used successfully. It was deemed the 
appropriate molarity for infiltration, and no other solutions were tested further. 
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3.7. Final Denitrified Samples 
Samples were again examined using SEM and backscatter imaging to view the final 
product after nickel calcination at 700⁰C to verify the coverage of the nickel particles 
after denitrification for percolation within the disk. The final disks showed significant 
coverage of the LSGM scaffold by nickel particles, which are the dark areas in Figure 
31(b). Taken from the top of the disk, Figure 31 shows homogenous distribution of 
particles over the existing LSGM scaffold particles with good continuity between 
nickel deposits, which is more obvious in Figure 31(b). For this particular image, 
because the image was taken of the top of the disk, porosity is not as important as it is 
Figure 31: (a) SEM image of denitrified P1 disk after nickel calcination at 700⁰C. (b) 
Backscatter image of P1 disk showing regions of LSGM particles (bright, light area) and 
nickel particles (dark area). 
a) b) 
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in the cross section of the anode. Instead, the image of the microstructure shows a 
uniform particle size and homogeneous spread of the nickel.  
In Figure 32, disk T2 shows equal success of nickel particle coverage in the anode. 
Although backscattering imaging is not available, it is easily seen that the nickel 
particles deposited as nanoparticles, maximizing the surface area of active nickel area 
and thus performance of the anode as an electron and proton conductor.  
The successful infiltration of the disks shows much promise in future manufacturing 
methods of intermediate and low temperature fuel cells, as it is a cheap method of 
very effectively covering the anodic scaffold with the necessary continuous nickel 
Figure 32: SEM image of cross section of disk T2 showing extensive coverage of LSGM by 
nickel particles. The nickel did not coalesce into larger particles, and shows a high active 
surface area. The apparently larger particles are of LSGM from the scaffold; the much 
smaller particles around the lighter ones are NiO nanoparticles post calcination. 
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matrix for best performance. Because the nickel was infiltrated after sintering of the 
disk, warpage of the coin cell is minimized and does not introduce mechanical 
stresses that would prove detrimental. Shown in Figure 33, the cross section of disk 
T2 remained very straight and showed no signs of warpage from nickel calcination, as 
expected.  
 
Figure 33: Image of entire cross section of disk T2. There are no signs of warpage in the final 
cell, as expected from the low calcination temperature of nickel and the inclusion of nickel 
particles after full sintering of the LSGM scaffold. 
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4. Conclusion 
The aim of this thesis was to produce environmentally friendly, mechanically stable 
anodes using a tape casting process that can feasibly be used in a final anode-
supported SOFC cell. First, the slurry components had to be optimized to achieve a 
viscous water-based slurry that would produce dense, uniform films from which coin 
cells could be easily obtained. After determining PAA as the suitable dispersant for 
use in aqueous slurry, three pore formers were tested for creating porous scaffolds of 
electrolyte ceramic. Corn starch, activated carbon, and graphite flakes were all tested. 
Graphite flakes were found to produce the greatest distribution of suitably sized pores 
throughout the bulk of sintered scaffolds without warpage or cell distortion; however, 
the anisotropy of the flakes introduces potential for some stress concentration in the 
future. The viscosity of material was tested at different temperatures and with 
different solid loadings to determine the potential for further slurry development to 
minimize fabrication time in tape casting. Although the effect of temperature was low, 
with a percent change below even the viscosity difference for pure water, it was found 
that 60 wt% solid loading could be useful in deposition of thick green tapes in fewer 
tape casting steps. However, further analysis needs to be done to ensure that particle 
distribution remains homogeneous and that disk thickness is uniform. Thermal 
analysis was performed on dried green LSGM slurry to identify the decomposition 
transitions within the cell to optimize the sintering step. The sintering step had to be 
optimized to produce flat, strong cells to be used in later fabrication. The sintering 
method in this thesis was confirmed by thermal experiment. Flat, strong cells were 
achieved from 40 wt% solid loaded slurry cast at 4 cm/second and allowed to dry in 
atmospheric conditions. These cells were infiltrated with nickel salt solution to 
determine if nickel coverage would be sufficient from impregnation followed by 
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calcination. The results show good coverage of LSGM scaffold particles with nickel 
oxide nanoparticles, promising good electrical performance with less nickel used than 
conventional methods. However, this requires further demonstration with 
electrochemical characterization. Results are not yet available. Strong, porous, thick 
anodes were successfully produced using the methods herein described, and future 
work will lead to the optimization of Ni/LSGM anodes for use in ITSOFCs. 
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5. Future Work 
There is considerable future work to be done to further optimize Ni/LSGM anodes. To 
follow up on the viscosity testing, tape casting of slurries with 60 wt% solid loading 
should be performed and disks should be studied from the sample to determine if 
particles are still homogeneously distributed with sufficient porosity. Anodes that use 
isotropic graphite or other form of spherical micron-sized carbon particles should be 
compared to anodes that use flake graphite as pore former, both from a mechanical 
perspective and an electrical perspective. Electrochemical characterization needs to be 
performed for all of the anodes described in this thesis and in the future to fully 
understand their potential for use in SOFC power applications. The lifetime of cells 
developed through these methods should be studied extensively to verify their 
feasibility for commercial applications. Much more still needs to be done before 
Ni/LSGM anode-supported LSGM ITSOFCs can become economical for widespread 
use, but further development and characterization of anodes fabricated using these 
methods shows promise.  
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